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Early detection of pathogenic bacteria in food, drinking water and medicine products is one of the
essential tasks of routine microbiological analysis. Through analytics, outbreaks can be discovered and
consequently, countermeasures can be initiated to minimize health and economic damage. Cultivation
of pathogens from contaminated specimens is routinely performed in microbiological laboratories
worldwide. The procedure is easy to perform, requires little equipment and provides simple quantita-
tive data in colony-forming units (CFUs) per sample volume. Only the time between preparation and
confirmation of a positive (contaminated) sample usually extends over several days. The desired goal
should be a technique that can retain the simplicity of cultivation while providing real-time infor-
mation about the sample under investigation for early detection of potential contamination. Therefore,
in the framework of this thesis, systematic heat flow measurements were performed on two model
strains, Lactobacillus plantarum DSM 20205 and Pseudomonas putida mt-2 KT2440. The influence
of cultivation techniques (in liquid, on solid and membrane filter placed onto solid medium) in static
ampoule systems on calorimetric detection was investigated. In particular, the effect of contamination
level (initial bacterial cell number), substrate amount (nutrients and oxygen), and detection limits were
systematically evaluated. In addition, microcalorimetric measurements of Legionella pneumophila
ATCC 33152, a waterborne pathogen, were conducted for the first time. Heat flow profiles demon-
strated that high contamination levels (> 1000 CFU) were detected within 24 h. Compared to detection
times of up to 10 days by ISO 11731:2017, calorimetric detection can serve as an early warning sys-
tem. With this knowledge, a uniquely manufactured micro(bio-)calorimetric test system was designed
to meet the requirements for detecting bacterial contaminations. In particular, the sample vessel
geometry and the operating temperature perfectly matched the microbiological analysis. Within this
development work, numerical models were established to investigate the temperature distribution of
selected compounds as well as the complete calorimetric system. Based on these models, modifica-
tions to the test system were numerically simulated in advance to improve the instrument's
performance stepwise. This thesis presents the methodological principles and a calorimetric test

system designed as an early warning and detection tool for microbiological samples.
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Zusammenfassung

Die mikrobiologische Uberwachung unserer alltiglichen Konsumgiiter wie Lebensmittel, Trinkwasser
und Medizin stellt eines der wichtigsten Instrumente im Kampf gegen bakterielle Verunreinigung dar.
Wihrend der Produktion, des Transports oder der Lagerung dieser Giiter konnen pathogene Bakterien
durch einen Mangel an Hygiene und/oder fehlender Wartung von Anlagen als Kontaminationen in
diese gelangen. Oftmals bildet das Produkt ideale Néhrstoffvoraussetzungen, fiir eine Vermehrung
pathogener Bakterienarten. Wahrend des Wachstums sorgen die Krankheitserreger also nicht nur fiir
eine Verminderung der Produktqualitéit, sondern kdnnen auch eine lebensbedrohliche Gefahr fiir den
Menschen darstellen und ernstzunehmende Erkrankungen bei den betroffenen Individuen hervorrufen.
Oberste Prioritdt der mikrobiologischen Analytik ist daher die friihzeitige Erkennung solcher Konta-
minationen, um die Produktqualitdt und dessen Sicherheit zu garantieren sowie gesundheitlichen
Schéden bei den Konsumenten vorzubeugen.

Interessanterweise beruht die konventionelle mikrobiologische Analytik auf einer vor iiber 100 Jahren
durch Robert Koch und dessen Mitarbeitern etablierten Kultivierungsmethode. Grundlage der Metho-
de bildet die Anzucht von Bakterien auf festem Ndhrmedium, auf dem die zu untersuchende Probe
ausgestrichen wird. In speziellen KulturgefaBlen, sogenannten Petrischalen, stehen den Bakterien aus-
reichend Nihrstoffe zur Verfiigung. Um ideale Kultivierungsbedingungen zu erzielen, werden die
Petrischalen in Inkubatoren platziert, welche die richtige Temperatur und ggf. Gaszusammensetzung
kontrollieren. Die Detektion der Bakterien ist abhidngig von der Stamm-spezifischen Wachstumsge-
schwindigkeit. Detektionszeiten von bakteriellen Kontaminationen koénnen bei der konventionellen
Analytik von wenigen Tagen bis hin zu mehreren Wochen reichen. Hierbei handelt es sich um eine
rein optische Endpunktdetektion und die detektierbare Grofe bildet die so genannte koloniebildene
Einheit (KbE). Letztere, so die Annahme, hat sich aus einem einzigen teilungsfahigen Bakterium ge-
bildet. Dieses hat sich so haufig repliziert, dass es eine mit dem sichtbaren Auge erkennbare Zellan-
hiufung (Kolonie) geformt hat. Der Grad der Verunreinigung wird in KbE pro mL oder g Probenmate-
rial angegeben.

Den vielen Vorteilen dieser Methode, wie z.B. einer einfachen Handhabung der Prozedur, den ver-
gleichsweise geringen Materialkosten und der einfachen Auswertung der Ergebnisse, steht vor allem
der hohe Zeitbedarf gegeniiber, der zur Abwehr einer Gesundheitsgefdhrdung ein wesentliches Krite-
rium darstellt. Wiinschenswert wire eine dquivalente schnellere Methode, die dariiber hinaus Echt-
zeitinformationen iiber die zu untersuchende Probe wihrend der Kultivierung liefern kann, sodass
bakterielle Kontaminationen schneller erkannt und folglich frithzeitig Gegenmafinahmen ergriffen

werden konnen.



Zusammenfassung

Eine dieser Methoden ist die isotherme Mikrokalorimetrie, bei der die metabolische Warme, die die
Bakterien wahrend des Wachstums an die Umgebung abgeben, in Echtzeit detektiert wird. Sehr sensi-
tive Warmeflusssensoren registrieren dabei den Temperaturanstieg (Bruchteil eines Millikelvins) in
der Probe, sodass sich durch annéhernd isotherme Bedingungen im Kalorimeter ein Temperaturgradi-
ent {iber den Sensor formt. Dieser Gradient erzeugt wiederum eine Spannung am Sensor (Seebeck-
Effekt), die letztendlich als Messsignal aufgezeichnet wird und proportional zum Temperaturgradien-
ten ist. Die bisherigen kalorimetrischen Untersuchungen zur Detektion von Bakterien endeten héiufig
bei einem proof of concept mit Schwerpunkt in der medizinischen Diagnostik. Die Kultivierungsbe-
dingungen weichen erheblich von denen der konventionellen Detektionsmethode in der mikrobiologi-
schen Uberwachung ab, da iiberwiegend 4-mL statische Ampullen verwendet werden, die luftdicht
verschlossen im Kalorimeter positioniert werden. Interessanterweise haben sich hier Messungen in
fliissigem Medium durchgesetzt. Nur wenige Anwendungen auf festem Medium sind in der Literatur
beschrieben.

Der erste Abschnitt dieser Arbeit befasst sich mit experimentellen Studien zum 4-mL statischen Am-
pullen-System in Bezug auf die kalorimetrische Detektionszeit. Im Rahmen von zwei Modellsystemen
Lactobacillus plantarum DSM 20205 (Abschnitt 3.1.1) und Pseudomonas putida mt-2 KT2440 (Ab-
schnitt 3.1.2) wurden erstmalig klassische Kultivierungstechniken, wie Wachstum in fliissigem Medi-
um, Wachstum auf/in festem Medium und Voranreicherung iiber Membranfiltration (spezielle Adapter
wurden gefertigt, sodass Membranfilter (¢ = 10 mm) fiir die 4-mL Ampullen verwendet werden konn-
ten) mit anschlieBendem Wachstum auf/in festem/fliissigem Medium in kalorimetrischen Messungen
systematisch untersucht. Die kalorimetrischen Experimente wurden in zwei kommerziellen Mikroka-
lorimetern, TAM III und MC-Cal/100 P, durchgefiihrt. Im Vordergrund dieser Studien stand der Ein-
fluss der Art der Kultivierung auf die Detektionszeit. Neben der Untersuchung von methodischen As-
pekten wie der Menge an Inokula, das Fiillvolumen der Ampullen sowie das ausgewéhlte Medium,
wurden auch technische Abhingigkeiten wie das Detektionslimit betrachtet und diskutiert. Zur Ein-
ordnung der kalorimetrischen Detektionszeiten wurden Referenzmessungen im Rahmen der optischen
Inspektion der Bildung von KbE durchgefiihrt.

Die erzielten Ergebnisse zeigen fiir beide Bakterien, dass eine kulturbasierte, kalorimetrische Detekti-
on wesentlich frither bakterielle Aktivitit, vor allem bei einer hohen anfinglichen Zellzahl, registrieren
kann als die rein optische Endpunktdetektion mit dem bloBen Auge. Die Konzentrationsabhingigkeit
der kalorimetrischen Messungen ist vor allem vorteilhaft wenn eine Voranreicherung durch Membran-
filtration erfolgt, da hierdurch groflere Volumina (als das Fassungsvermogen der Ampullen) realisier-
bar sind. Die Ergebnisse dieser Studien demonstrieren auch, dass die Verwendung von festem Medi-
um zu dhnlichen Detektionszeiten fiihrt und somit eine bessere Vergleichbarkeit mit standardisierten
Verfahren bieten kann. Weiter zeigen die Daten, dass das Fiillvolumen vor allem bei aerob wachsen-
den Bakterien in 4-mL statischen Ampullen berticksichtigt werden muss, da hierdurch die Menge an

vorhandenem Sauerstoff stark limitiert werden kann. Auswirkungen auf die Detektionszeit werden
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Zusammenfassung

relevant, wenn unempfindlichere Kalorimeter (Detektionslimit > 10 uW) eingesetzt werden. Zu einer
verzogerten Detektion in 4-mL statischen Ampullen kann es ebenfalls kommen, wenn die Probe nur
wenige Zellen umfasst und auf festem Medium heranwéchst. Hier verdeutlichen die Ergebnisse der
Studien, dass der exponentielle Anstieg im Wérmefluss in einen flacheren, linearen Verlauf iibergeht,
der bestimmt ist durch Diffusion von Néhrstoffen.

Aufbauend auf den Studien im ersten Abschnitt dieser Arbeit wurden erstmalig kalorimetrische Mes-
sungen mit Legionella pneumophila ATCC 33152, einem im Trinkwasser vorkommenden opportunis-
tischen Krankheitserreger durchgefiihrt (Abschnitt 3.1.3). Immer wieder kommt es zu groferen Aus-
briichen weltweit, da sich durch Biofilmablagerung schlecht gewarteter Trinkwasserleitungssysteme,
wo das Wasser oft stagniert, ideale Wachstumsbedingungen fiir L. pneumophila ergeben. Das Bakteri-
um stellt eine direkte Gefahr fiir immungeschwichte und #ltere Menschen dar. Die Ubertragung von L.
pneumophila erfolgt liberwiegend durch Bioaerosole, die iiber den Respirationstrakt aufgenommen
werden konnen. Neben dem Pontiac-Fieber kann das Bakterium auch die tddlich verlaufende Legio-
nirskrankheit verursachen. Dabei handelt es sich um eine atypische Lungenentziindung.

Der Nachweis und die Zahlung von L. pneumophila ist durch die ISO 11731:2017 vorgeschrieben.
Hierbei handelt es sich um einen kulturbasierten Ansatz. Die Wasserprobe wird dabei auf nicht-
selektivem gepufferten Holzkohle-Hefeextrakt (engl. buffered charcoal yeast extract, BCYE) Agar
sowie weiteren selektiven Medien wie z.B. Glycin Vancomycin Polymyxin Cycloheximid (GVPC)
Agar ausplattiert (Direktansatz). Antibiotika werden dem Medium zugesetzt, um das Wachstum der im
zu untersuchenden Wasser enthaltenen Begleitflora zu hemmen. Die Anreicherung mittels Membran-
filtration stellt einen weiteren (indirekten) Ansatz dar. Daneben schreibt die ISO-Norm auch in weite-
ren Ansétzen eine Hitzebehandlung (Wasserbad bei 50 °C fiir 30 min) der Proben und eine chemische
Behandlung bei Verwendung von Membranfiltern (30 mL HCI/KCI- Puffer, pH = 2,2, Einwirkzeit:
5 min) vor, um eine Selektivitdt innerhalb der Detektion fiir L. pneumophila zu erhalten. Aufgrund des
vergleichsweise langsamen Wachstums des Bakteriums, kann die Detektion bis zu zehn Tagen dauern.
Die im Rahmen dieser Arbeit durchgefiihrten kalorimetrischen Messungen von L. pneumophila
ATCC 33152 auf 1 mL BCYE Agar in 4-mL statischen Ampullen zeigen, dass die metabolische Akti-
vitdt der Bakterien in Echtzeit registriert werden kann. In Abhéngigkeit der anfianglichen Zellzahl in
den Ampullen konnten Detektionszeiten zwischen 24 h (1000 kbE) und 45 h (4 kbE) bestimmt wer-
den. Kalorimetrische Detektionen sind somit innerhalb von ein bis zwei Tagen moglich. Der maximale
Wirmefluss bei diesen Experimenten liegt bei etwa 180 pW und ist somit ausreichend, um auch von
weniger leistungsstarken Kalorimetern (Detektionslimit > 100 uW) detektiert werden zu koénnen. Dar-
iiber hinaus wird auch eine alternative Auswertung der Detektionszeit prasentiert. Durch Verwendung
der ersten Ableitung der Warmeflusskurven ist es moglich vor allem Stérungen, welche durch das
thermische Einschwingen der Probe auftreten konnen, zu reduzieren. Anhand erster, weiterfithrender
Warmeflussmessungen von haufig vorkommenden Begleitkeimen wie Pseudomonas aeruginosa

ATCC 27853, Eschericha coli ATCC 8739 und Enteroccocus faecalis ATCC 19433 auf kommerziel-
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len Legionellen-Medien wird der Aspekt Selektivitdt untersucht (Abschnitt 3.3.3). Diese vorldufigen
Daten zeigen, dass eine vollstindige Hemmung bei zwei von drei Begleitkeimen (Ausnahme bei E.
coli) eintritt, wenn GVPC Agar verwendet wird. Dies wire eine der Grundvoraussetzungen fiir eine
selektive kalorimetrische Detektion von L. pneumophila im Trinkwasser, da jegliche Begleitflora zum
netto Warmeflusssignal beitragen wiirde.

Zusammen mit den Ergebnissen der beiden Modellsysteme L. plantarum DSM 20205 und P. putida
mt-2 KT2440 zeigt diese Arbeit, dass die konventionelle mikrobiologische Analytik kompatibel mit
der isothermen Mikrokalorimetrie ist. Zugleich demonstrieren die Wérmeflussdaten, dass vor allem
die frithzeitige Detektion bakterieller Kontaminationen mittels Kalorimetrie gelingt. Lediglich ein
speziell auf die mikrobiologische Analytik abgestimmtes Kalorimeter fehlt, um mikro(bio)-
kalorimetrische Messungen, d.h. kulturbasierte Detektionen von Bakterien mittels Mikrokalorimetrie,
durchfiihren zu konnen.

Kommerzielle isotherme Mikrokalorimeter verfligen haufig iiber ein breites Temperaturspektrum (ca.
10 - 100 °C), um neben biologischen Anwendungen auch solche aus den Disziplinen der Physik und
Chemie abzudecken. Eine Vielfalt an Probengefdf3en in unterschiedlichsten Formen und Fiillvolumina
steht zur Verfligung, wobei nur ein geringer Teil die passenden Male fiir die mikrobiologische Kulti-
vierung auf festem Medium besitzt. Haufig ist die vorhandene Bodenfldche unzureichend, um separa-
te, auszahlbare Kolonien zu erhalten. Letzteres hétte den Vorteil, dass neben der schnelleren kalori-
metrischen Detektion auch eine Quantifizierung der Kontamination, in Form von KbE, vorgenommen
werden kann. Um standardisierte Membranfilter (¢ = 47 mm) in kommerziellen Kalorimetern zu ver-
wenden, stehen zurzeit nur sehr groe Probengefaen (> 100 mL) zur Verfiigung. Solche Kalorimeter
verfiigen hiufig {iber eine geringe Anzahl an Messkanélen. Hochdurchsatz-Mikrokalorimeter konnen
zurzeit etwa 48 Proben simultan messen, jedoch verwenden diese Gerite meistens nur kleine Proben-
gefilie (<4 mL). Auf die Probleme im Rahmen kalorimetrischer Detektion in 4-mL statischen Ampul-
len System wird bereits im ersten Abschnitt der Arbeit hingewiesen.

Ausgehend von den experimentellen Ergebnissen aus Abschnitt 3.1 sowie den Anforderungen fiir die
Kultivierung in der konventionellen Mikrobiologie befasst sich der zweite Teil der Arbeit mit dem
Design, der Konstruktion und der numerischen Entwicklungsarbeit eines neuen isothermen
Mikro(bio-)kalorimeters (Abschnitt 3.2). Das Prinzip basiert auf der Messung von Warmestromen
durch Wérmeflusssensoren, so genannten thermoelektrische Generatoren (TEGs). Im Rahmen dieser
Arbeit wurde zunichst ein Testsystem entwickelt. Dieses ist in zwei Zonen unterteilt: (i) die dullere
Zone wird durch einen Heizliifter temperiert, (ii) die innere Zone setzt sich aus den Unterteilen der
Messkanile zusammen, in denen sich jeweils die TEGs befinden. Das Probengefil3 steht dabei in di-
rektem Kontakt mit dem TEG. Das Unterteil des Sensors befindet sich auf einer Warmesenke, dessen
Temperatur durch zwei Peltier-Module prazise reguliert wird (Twimesenke = (37.072 £ 0.001) °C). In der
Aufheizphase des Systems unterstiitzen zwei Heizfolien den Temperaturanstieg auf der Warmesenke.

Das Testsystem verfiigt insgesamt iiber drei Kanéle (zwei Mess- und ein Referenzkanal). Die Betriebs-
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temperatur ist auf 37 °C eingestellt und somit ideal geeignet fiir die Detektion von L. pneumophila und
anderen mesophilen Krankheitserregern. Es handelt sich hierbei um ein lufttemperiertes Mikrokalori-
meter (T s = (37.0 £ 0.1) °C). Die MaBie (d = 51 mm, 2 = 19 mm) der verwendeten Probengefalie
(bestehend aus einem Aluminiumkdrper und einem Deckel aus Polyetheretherketon) entsprechen de-
nen handelsiiblicher, kleinerer Petrischalen (4 = 50 mm). Das Gesamtvolumen betrdgt 35 mL. Die
Form der ausgewéhlten Probengefifle sorgt fiir einen geringen Platzbedarf (Anordnung mehrerer
Messkanile ist moglich). Zudem konnen aufgrund der groflen Bodenfliche Diffusionsprobleme der
Substrate und des Sauerstoffs minimiert werden.

Parallel zu Experimenten des Testsystems unter Laborbedingungen erfolgen numerische Warmetrans-
port- und -fluss Simulationen anhand einer 3D-Rekonstruktion des Geréts, um die Temperaturvertei-
lung einzelner Komponenten bzw. des gesamten Geréts zu untersuchen. Die Computersimulationen
basieren auf der Finite-Elemente-Methode (FEM) und werden in der Simulationssoftware COMSOL
Multiphysics® ausgefiihrt. Die experimentellen Daten ergeben einerseits einen groben Uberblick iiber
die Leistungen (Temperaturstabilitit, Verhalten der TEGs), die das Kalorimeter unter Laborbedingun-
gen erzielen kann und dienen andererseits als Validierung der FEM Ergebnisse. Gleichzeitig enthiillen
die numerischen Simulationen Inhomogenitdten in der Temperaturverteilung des Testsystems, die
unter experimentellen Bedingungen nicht zugénglich sind. Vor allem rdumliche Temperaturgradienten
konnen mit Hilfe der FEM abgebildet werden. Dariiber hinaus, konnen experimentell beobachtete
Effekte wie z.B. unterschiedliches Verhalten unter den TEGs durch die Modellberechnungen plausibel
erklart werden.

Mit dem numerischen 3D-Modell steht jetzt ein Tool zur Verfligung mit dessen Hilfe Optimierungen
simuliert werden konnen. Die erhaltenen Temperaturverteilungen zu diesen Modifikationen erlauben
es dann, Aussagen zu treffen, um mdgliche Verbesserungen fiir die Fertigung eines Prototyps mit
mehr Messkanédlen zu beriicksichtigen. In Abschnitt 3.3.1 dieser Arbeit werden erste Ergebnisse zu
Anderungen an dem Testsystem prisentiert. Dabei flieBen auch erste Erkenntnisse aus experimentellen
Messungen mit ein. Auflerdem wird anhand erster mikrobiologischer Messungen (P. putida mt-2
KT2440 in Flissigmedium und einer realen Kiihlturmprobe auf GVPC Agar) die Anwendbarkeit des
Mikro(bio-)kalorimeters fiir die erfolgreiche Detektion von Bakterien vorgestellt (Abschnitt 3.3.2).
Zusammenfassend wurden in dieser Arbeit methodische Optimierungen fiir eine kalorimetrische De-
tektion von Bakterien systematisch untersucht. Wérmeflussmessungen weisen eine hohe Kompatibili-
tit zur konventionellen mikrobiologischen Analytik auf, mit dem Vorteil, dass kiirzere Detektionszei-
ten erzielt werde konnen. Die Ergebnisse dieser Studien heben auch die limitierenden Faktoren in sta-
tischen 4-mL Ampullen Systemen hervor, welche bisher liberwiegend fiir die kalorimetrische Detekti-
on von Bakterien verwendet werden. Mit der Entwicklung eines neuen Mikro(bio-)kalorimeters wird
in dieser Arbeit ein System prasentiert, welches gezielt fiir die mikrobiologische Analytik entwickelt
wurde und als Friihwarnsystem im Rahmen konventioneller Kultivierung Echtzeitinformationen iiber

den Zustand der Probe liefern kann.






Summary

Microbiological monitoring of our daily consumables such as food, drinking water and drugs repre-
sents one of the most critical tools in controlling bacterial contaminations. During production,
transport or storage, pathogenic bacteria can contaminate these consumables due to poor hygiene and
lack of maintenance of facilities. Often the product provides ideal nutrient conditions for the bacteria
to multiply. During bacterial growth, the pathogens not only cause a decline in product quality but can
also pose a life-threatening risk to humans and cause serious illness in affected individuals. Therefore,
the highest priority of microbiological analysis is the early detection of such contaminations to guaran-
tee the product quality and safety and prevent damage to consumers' health.

Interestingly, the conventional microbiological analysis is based on a cultivation method established
over 100 years ago by Robert Koch and co-workers. The principle of the method is the cultivation of
bacteria on a solid nutrient medium in which the sample is spread out. In unique culture vessels, so-
called Petri dishes, nutrients are available to the bacteria in excess. In order to create ideal cultivation
conditions, the Petri dishes are placed in incubators that were adjusted to the optimal temperature and,
if necessary, the appropriate gaseous composition. The detection of bacteria depends on the strain-
specific growth rate. Detection times of bacterial contamination can range from a few days to several
weeks in conventional microbiology. This analysis is a visual endpoint detection, and the detectable
quantity is the so-called colony-forming unit (CFU). The latter, it is assumed, has formed from an
initial bacterium. This bacterium has replicated so frequently that a cell cluster (colony) is formed,
which can finally be counted by the naked eye. The degree of contamination is expressed in CFU per
mL or g of sample.

Apart from the many advantages of this method, such as simple handling of the procedure, compara-
tively low material costs, and the trivial evaluation of the results, the main drawback is the long time
required, which is a major criterion for preventing health risks. It would be desirable to have an equiv-
alent faster method to provide real-time information about the sample under investigation during culti-
vation. Thus bacterial contaminations can be detected at an early stage, and consequentially, counter-
measures can be taken in good time.

One of these methods is isothermal microcalorimetry (IMC). Here, the metabolic heat released by
bacteria to the environment during growth is detected in real-time. Susceptible heat flow sensors regis-
ter the temperature increase (a fraction of a millikelvin) in the sample so that a temperature gradient
forms across the sensor due to approximately isothermal conditions in the calorimeter. This gradient
generates a voltage at the sensor (Seebeck effect), which is ultimately recorded as the measurement
signal and proportional to the temperature gradient. The microcalorimetric investigations performed so

far in bacterial detection often resulted in proof of concept studies with the main focus on medical
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diagnostics. The cultivation conditions differ considerably from conventional detection methods in
microbiological monitoring since 4-mL static ampoules are predominantly used. The ampoules are
positioned airtight in the calorimeter. Interestingly, measurements in liquid medium have prevailed
here. Only a few applications on solid medium are described in the literature.

The first section of this thesis deals with experimental studies on the 4-mL static ampoule system in
terms of calorimetric detection time. Two model systems, Lactobacillus plantarum DSM 20205 (sec-
tion 3.1.1) and Pseudomonas putida mt-2 KT2440 (section 3.1.2) are applied to conventional cultiva-
tion techniques. Growth in liquid medium, growth on/in solid medium and pre-enrichment via mem-
brane filtration (special adapters were made so that membrane filters (d = 10 mm) could be used for
the 4-mL ampoules) with subsequent growth on/in solid/liquid medium are systematically investigated
in calorimetric measurements for the first time. The experiments are performed in two commercial
microcalorimeters, TAM III and MC-Cal/100P. The emphasis of these experiments is on the influence
of the type of cultivation on the detection time. Besides investigating methodical aspects like the num-
ber of inocula, filling volume of the ampoules, and selected medium, technical dependencies such as
the detection limit are discussed and considered in these studies. Visual inspection of CFU formation
is conducted as reference measurements to compare detection times with those obtained from calori-
metric experiments.

The results show for both bacteria that culture-based calorimetric detection could recognize bacterial
activity much earlier than visual endpoint detection with the naked eye, especially at high initial cell
numbers. The cell number dependence of calorimetric measurements is particularly advantageous
when using pre-enrichment by membrane filtration, as this allows the applicability of larger sample
volumes (compared to the capacity of the ampoules). These studies also demonstrate that solid medi-
um leads to similar detection times and can offer better compatibility with standardized procedures.
Further, the data show that the filling volume must be considered, especially for aerobically growing
bacteria in 4-mL static ampoules, as this can severely limit the amount of oxygen present. Effects on
detection time become relevant when less sensitive calorimeters (detection limit > 10 pW) are used.
Delayed detection in 4-mL static ampoules may also occur if the sample contains only a few cells and
is incubated on solid medium. The studies suggest that the exponential increase in the heat flow
changes into a flatter, linear course governed by substrate diffusion.

Based on the studies in the first section of this thesis, calorimetric measurements were conducted for
the first time with Legionella pneumophila ATCC 33152, an opportunistic waterborne pathogen (sec-
tion 3.1.3). Major outbreaks repeatedly occur worldwide because biofilm deposition in stagnant and
poorly maintained drinking water piping systems provides ideal growth conditions for L. pneumophila.
The bacterium poses an immediate threat to immunocompromised and older people. Transmission of
L. pneumophila occurs predominantly through bioaerosols that can be ingested through the respiratory
tract. In addition to Pontiac fever, the bacterium can also cause fatal Legionnaires’ disease. This dis-

ease is an atypical form of pneumonia.
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The detection and enumeration of L. pneumophila are specified in the ISO 11731:2017. It is a culture-
based approach. The water sample is plated onto non-selective buffered charcoal yeast extract (BCYE)
agar and other selective media such as glycine vancomycin polymyxin B cycloheximide (GVPC) agar
(direct approach). Antibiotics are added to the medium to inhibit the growth of accompanying flora in
the water sample. Enrichment via membrane filtrations is another (indirect) approach. In addition, the
ISO standard also prescribes a heat treatment (water bath at 50 °C for 30 min) of the samples and a
chemical treatment using membrane filters (30 mL, HCI/KCl-buffer, pH = 2.2, exposure time: 5 min)
in order to obtain selectivity within the detection for L. pneumophila. Due to the comparatively slow
growth of L. pneumophila, detection can take up to ten days.

The calorimetric measurements of L. pneumophila ATCC 33152 on 1 mL BCYE agar in 4-mL static
ampoules performed in this work show that the metabolic activity of the bacteria could be detected in
real-time. Depending on the initial number of cells present in the ampoule, detection times ranging
from 24 h (1000 CFU) and 45 h (4 CFU) could be determined. The maximum heat flow measured in
this experiment is approx. 180 uW, which is sufficient to be detected by less sensitive calorimeters
(detection limit > 100 uW). In addition, an alternative evaluation of the detection time is also present-
ed. By using the first derivative of the heat flow curves, it is possible to reduce the disturbances that
can occur due to the thermal transient of the sample. On the basis of further heat flow measurements
of common accompanied bacteria, such as Pseudomonas aeruginosa ATCC 27853, E. coli ATCC
8739, and Enterococcus faecalis ATCC 19433, on commercial Legionella media, the aspects of selec-
tivity are addressed (section 3.3.3). These preliminary data show that complete inhibition occurred for
two of the three bacteria (exception for E. coli) when GVPC agar is used. This kind of inhibition
would be one of the prerequisites for selective calorimetric detection of L. pneumophila in drinking
water since any activity of the accompanying flora would contribute to the net heat flow signal.

With the results from the two model systems, L. plantarum DSM 20205 and P. putida mt-2 KT2440,
this thesis shows that conventional microbiological analysis is compatible with isothermal microcalo-
rimetry. At the same time, the heat flow data demonstrate that especially the early detection of bacteri-
al contamination can be achieved using microcalorimetry. The only thing missing is a microcalorime-
ter specifically designed for microbiological analysis to perform micro(bio-)calorimetric measure-
ments, i.e. culture-based detection of bacteria using IMC.

Commercial isothermal microcalorimeters often have a wide temperature range (approx. 10 - 100 °C)
to cover biological applications as well as those in the disciplines of physics and chemistry. Various
sample vessels in different shapes and filling volumes are available, although only a small number
have the appropriate dimensions for microbiological cultivation on solid media. Often the surface area
is insufficient to obtain separate, countable colonies. The latter would benefit that besides the faster
calorimetric detection, quantification of contaminations can also be performed in terms of CFU. In
order to use standardized membrane filters (d = 47 mm) in commercial calorimeters, only massive

sample vessels (> 100 mL) are currently available. Such calorimeters often have a limited number of
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measuring channels. High-throughput microcalorimeters can measure about 48 samples simultaneous-
ly, but these devices usually use only small sample vessels (< 4 mL). The issues associated with calo-
rimetric detection in a 4-mL static ampoule system are already pointed out in the first section of this
thesis.

Based on the experimental results from section 3.1 and the requirements for cultivation in convention-
al microbiology, the second part of the thesis deals with the design, construction and numerical devel-
opment work of a new isothermal micro(bio-)calorimeter (section 3.2). The principle is based on heat
flow measurements using heat flow sensors called thermoelectric generators (TEGs). Within the scope
of this work, a test system has been developed first. This is divided into two zones: (i) the outer zone is
air thermostated by a fan heater, (ii) the inner zone is composed of the lower part of the measurement
channels. Each channel contains a TEG. The sample vessel is in direct contact with the TEG. The low-
er part of the sensor is located on a heat sink. Two Peltier modules precisely regulate the temperature
on the heat sink (7jeq sink = (37.072 + 0.001) °C). During the heating phase of the calorimeter, two foil
heaters support the temperature rise on the heat sink. The test system has three channels (two measur-
ing channels and one reference channel). The operating temperature is set at 37 °C, making it ideal for
detecting L. pneumophila and other mesophilic pathogens. The microcalorimeter is air-temperature
controlled, and the accuracy of the air temperature measured by a temperature probe in the outer zone
is T,y =(37.0£0.1) °C.

The dimensions (d = 51 mm, # = 19 mm) of the sample vessels used (consisting of aluminium bodies
and a top made out of polyether ether ketone) correspond to small-size commercial Petri dishes (d =
50 mm). The total volume is 35 mL. The shape of the selected sample vessels ensures a low space
requirement (arrangement of several measuring channels is thus possible). In addition, diffusion issues
of the substrates and oxygen are minimized due to the large surface area.

In parallel to experiments of the test system under laboratory conditions, numerical heat transport and
flow simulations are conducted using a 3D reconstruction of the device to investigate the temperature
distribution of individual components or the entire instrument. The computer simulations are based on
the finite element method (FEM) and are performed in the simulation software COMSOL Multiphys-
ics®. On the one hand, experimental data provided a rough overview of the performance (temperature
stability, behavior of the TEGs) that the calorimeter can achieve under laboratory conditions and, on
the other hand, served as a validation of the FEM results. Likewise, the numerical results reveal inho-
mogeneities in the temperature distribution of the test system that are not accessible under experi-
mental conditions. In particular, spatial temperature gradients can be visualized with the help of the
FEM. In addition, the computer simulations can plausibly explain experimentally observed effects,
such as different behavior among the TEGs.

Now, the numerical 3D model serves as a development tool in which optimizations can be simulated
in advance. The temperature distributions obtained for these modifications then allow predictions of

improvements toward producing a multichannel prototype. Thus, in section 3.3.1 of this thesis, initial
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results on modifications to the test system are shown. Initial findings from experimental measurements
are also included. In addition, the applicability of the micro(bio-)calorimeter for the successful detec-
tion of bacteria is demonstrated based on preliminary microbiological measurements (including P.
putida mt-2 KT2440 in liquid medium and a real cooling tower sample on GVPC agar, section 3.3.2).

In summary, the methodological optimizations for calorimetric detection of bacteria are systematically
investigated in this work. Heat flow measurements are highly compatible with conventional microbio-
logical analysis, benefiting that shorter detection times can be achieved. The results of these studies
also highlight the limiting factors in static 4-mL ampoule systems, which are predominantly used for
calorimetric detection of bacteria. With the development of a new micro(bio-)calorimeter, this work
presents an instrument designed explicitly for microbiological analysis. It can provide real-time infor-
mation about the condition of the sample and, therefore, serving as an early warning system in the

context of conventional cultivation.
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1. Structure and outline of the thesis

The number of detection and identification methods published in the last decade (on average 1360
peer-reviewed papers annually) ' dealing with bacterial contaminations is almost equal to the number
of known human pathogens (1400) . The reason for this extensive and intensive research is easily
inferred from the enormous impact on applied sectors, e.g. agriculture >, medicine ">, drinking wa-

™1 and food industry '*"*. Common detection methods can be roughly categorized into two differ-

ter
ent classes: (i) conventional, culture-based (section 2.1.1) and culture-independent techniques (section
2.1.2). The latter group contains advanced procedures such as molecular biological, immunological,
and biosensorical techniques. Microcalorimetry as a detection technique comprises essential features
of both classes.

Historically, the first microcalorimetric contributions to investigating bacterial contamination focused
on identifying microbial species (section 2.2.1) based on their characteristic heat flow pattern in com-
plex medium '°. This focus is likely because, during this period, variations in the heat flow curves of
different bacteria were the preferred subjects of study to investigate the overall metabolism of bacte-
ria . The underlying measurement principle is based on detecting minute traces of heat caused by
bacterial activity and measured via susceptible heat flow sensors (section 2.2.2). Nowadays, one re-
search focus of microcalorimetric measurements, in the context of microbiological issues, is the detec-
tion of bacterial contaminations '*. However, most applications found in literature are related to medi-
cal diagnostics and presenting only a proof of concept (section 2.2.3).

The rapid development of instruments and equipment over the last decades has been a significant con-
tribution to this field . Microcalorimetric detection of bacterial contamination became attractive since
highly sensitive and easy-to-use isothermal microcalorimeters are commercially available (section
2.2.4) *°. These high-performance microcalorimeters allow detection limits in the range of nanowatt
(nW) so that metabolic activity of growing bacteria can be discovered much earlier.

Unfortunately, this technique has not yet found its way into the daily routine of a microbiological ana-
lytical laboratory. From an instrument perspective, this is mainly attributable to a non-specific instru-
ment development in microcalorimeters. In addition, systematic studies addressing the interplay be-
tween cultivation conditions, technical limitations of calorimeters and the biological nature of contam-
ination on the detection of bacteria are still lacking. Based on the aspects above, the main objectives of

this thesis are:

i.  Systematic investigations to demonstrate the applicability of conventional cultivation techniques
on calorimetric detection of bacteria. Cultivation of Lactobacillus plantarum DSM 20205 (repre-
sentative for an anaerobic system) in and on selective medium for Lactobacilli (De Man, Rogosa

and Sharpe, MRS) is used as model (section 3.1.1).
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ii. Technical and methodical aspects influencing the detection of aerobic contaminations are investi-
gated in a further study. Here, monitoring the growth of Pseudomonas putida mt-2 KT2440 was
chosen as the studied object (section 3.1.2).

iii. Heat flow measurements of Legionella pneumophila ATCC 33152 on BCYE medium are con-
ducted to demonstrate the microcalorimetric applicability of detecting pathogens in drinking wa-
ter. Additionally, an improved data evaluation using the first derivative of the heat flow curves is
presented (section 3.1.3).

iv. Combining numerical simulations and laboratory experiments, a micro(bio-)calorimetric test sys-
tem was developed and designed explicitly for routine microbiological testing (section 3.2).

v. Further experiments related to the instrument development and selective detection of bacteria are
demonstrated (section 3.3). Improvements to the test system are supported by experimental data
(section 3.3.1), and the first applications of microbiological measurements by the micro(bio-
)calorimeter (section 3.3.2) are given. Complementary heat flow measurements of frequent ac-
companying pathogens in drinking water such as Pseudomonas aeruginosa ATCC 27853, Esche-
richia coli ATCC 8739, and Enterococcus faecalis ATCC 19433 on various Legionella media are
shown (section 3.3.3).

Based on the main findings, the results are summarized and discussed within the scope of this thesis
(section 4.1). In particular, an evaluation of the microcalorimetric detection of bacteria is addressed,
pointing out the superiority and drawbacks of this method relative to the commonly used visual in-
spection (section 4.1.1). Comparisons extend the discussion to culture-independent detection tech-
niques (primarily PCR). Additionally, the limitations of commonly used 4-mL static ampoule systems
are highlighted. In section 4.1.2, calorimetric detection is discussed in the context of drinking water
analysis, focusing on L. pneumophila. Detection times, among other techniques, are compared to IMC,
and the selectivity issue of culture-based approaches is raised.

Besides the microbiological aspects, the relationship between method optimization and instrument
development is also highlighted (section 4.2). A summary of the development process, specifications,
and features of a modified version of the test system is also provided. Section 4.2 debates the differ-
ences between the micro(bio-)calorimeter designed in this thesis and commercial calorimeters.
Chapter 5 concludes the new findings of this thesis, and chapter 6 provides an outlook on further

possibilities for instrument and method development.
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2. Introduction

In our daily life, essential products like drinking water, food, cosmetics, or pharmaceuticals are pro-
duced, transported, provided, and stored. At any stage of these processes, unwanted bacteria can in-

B2t s

vade such consumables due to a lack of hygiene or mismanagement during maintenance
important to note that a distinction must be made between harmless non-pathogens and harmful patho-
gens. The latter threaten the safety and quality of said products and can cause life-threatening diseases
2 For instance, in the food industry, the WHO estimated in 2017: around 600 million people became
sick, and 420,000 died after consuming contaminated food (also included chemical contaminations) **.
The treatment costs just caused by foodborne illnesses are 15 billion US dollars per year >,

Another example is water. The WHO assumed in 2015: 2.2 million global deaths per year are caused
by waterborne disease (more than half of the dead are children), and the economic loss is around
12 billion US dollars per year **. Therefore, one of the top priorities of today’s microbiological analy-
sis is to ensure reliable detection of microbial contaminations to prevent outbreaks associated with
pathogens.

Customers, producers, and suppliers are expecting a cost-effective and fast detection technique. At the
same time, microbiological laboratories are seeking a method that: i) is easy to perform (preferably
according to standardized protocol), ii) requires little laboratory effort together with cheap equipment,
iii) provides reliable as well as reproducible data, and iv) ensures rapid detection *>. At the moment,
there exists no microbiological method that sufficiently fulfils all the above criteria **. Moreover, the
biological properties of the products mentioned above have a substantial impact on the detection of
specific pathogens *°. Depending on the origin of the sample being analyzed, the state (liquid, solid),
interfering product matrices *°, and accompanying bacterial flora >’ may impede the detection of par-
ticular pathogens.

Historically, a conventional bacteriological method, i.e. culturing bacteria in liquid and solid medium
with a final enumeration of grown colonies, is the method of choice for microbiological laboratories **
%% This approach has persisted until today, so that many ISO standards still rely on conventional culti-
vation techniques and subsequent enumeration '. Currently, this method most effectively combines the
requirements of the microbiological laboratory and the customer's wishes, although the speed of detec-
tion is a limiting factor >°. Various other detection methods, such as molecular biological techniques,
immunological approaches and biosensors, are superior, as they provide evidence of bacterial contam-
inations within a few minutes or hours **".

In this connection, the combination of cultivation techniques with microcalorimetric analysis has al-
ready shown that a faster detection of bacterial contaminations is achievable in different fields, e.g.
water >, food ** and medicine **. However, the main focus of published applications is in clinical di-

agnostics *”*>?°. This underappreciated method could be a powerful complement to conventional bac-
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teriological methods for detecting bacteria in many other fields due to its real-time monitoring poten-
tial. However, apart from inadequate method development and optimization, there is a lack of an in-
strument that specifically meets the requirements for detecting microorganisms in the context of con-
ventional microbiological analysis.

Before introducing the field of isothermal micro(bio-)calorimetry, a brief overview of common detec-

tion techniques for bacteria is presented in the following sections.

2.1 Detection techniques for bacteria

In the beginning, it is important to mention that the two terms “identification” and “detection” must be
clearly distinguished from each other. A method addressing bacterial identification is interested in
recognizing a particular organism, species or strain within a consortium of other bacteria by its charac-
teristics (e.g. a specific gene sequence) *’. The central aspect is to prove the organism's identity by
comparing it with well-known organisms through their characteristics **. Regarding bacterial identifi-
cation, one would like to know the species in a drinking water sample, e.g. Legionella pneumophila
and Escherichia coli. The term limit of identification is uncommon in microbiological analysis. How-
ever, it is possible to quantify the percentage match of 16S rDNA gene sequences between two strains
39.

In contrast, the goal of a detection method is more general, and the discovery is central. Consequently,
there is a strict distinction between “there is something” or “there is nothing” (qualitative approach).
Additionally, a kind of quantification is somehow also related to the term detection. Depending on the
applied method, different limits of detection (LOD) are possible. The LOD indicates the
amount/number/concentration of the quantity to be investigated that can be determined with statistical
confidence (quantitative approach) *. According to these definitions, detection is a qualitative and
quantitative screening method, e.g. a positive sample (there is something above the LOD) can be dis-
tinguished from a negative sample (there might be something, but it is below LOD and the applied
method detected nothing).

Furthermore, a positive sample allows additional quantification of a target variable. Unfortunately, in
microbiological analysis, there is no clear definition for both terms. Thus in this thesis, emphasis is

only put on the aspect of bacterial detection as defined above.

2.1.1 Conventional, culture-based techniques

One of the most outstanding achievements in microbiology was the isolation and cultivation of patho-
genic bacteria from different sources like liquors (blood, urine, drinking water) and solids (tissue,

food, drugs) *'***. Starting from a small piece or volume of contaminated material transferred onto a
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semi-solid nutrient medium (gelled by agar-agar *’), the pathogens can grow to build more or less sin-
gle bacterial colonies. Alternatively, enrichment cultures of the samples are prepared in nutrient-rich
and complex broth media to recover pathogens **. Then, a part of this enrichment culture is likewise
transferred onto the agar medium. In order to achieve the formation of single colonies, serial dilutions
from the original sample or the enrichment cultures are primarily performed **. Here, the assumption is
that a single colony arose from an initial single bacterial cell. Within a certain incubation period, the
initial mother cell and the resulting daughter cells have multiplied so often that enough cells have been
formed to make the bacteria pile (colony) visible for the naked eye. For instance, a colony of E. coli
contains approx. 107 to 10® cells after 12 h of incubation *. From the number of obtained colonies, the
initial degree of contamination in the sample can be deduced. The growth process of bacterial cultures
is strictly regulated by the cultivation conditions such as temperature, substrate selection and concen-
tration, pH level, oxygenated or anoxic environment.

Based on the origin of the sample and the target microorganism under investigation, standard proto-
cols (ISO norms), which detail the performance of the microbiological analysis and the subsequent
evaluation of obtained results, were established. Nowadays, this process is routinely employed in the
quality control of our daily consumables. Figure 1 summarizes some general procedures of conven-
tional bacteriological detection. Depending on the sample's origin, the direct approach is possible, e.g.
water from cooling towers and milk. Otherwise, a pre-enrichment by nutrient broth such as peptone
water is necessary to increase the concentration of potential pathogens in the sample *’. The majority
of norms are still based on the enrichment and cultivation of the target microorganism on semi-solid
agar gel. For instance, according to ISO 11731:2017 (Water quality - Enumeration of Legionella),
optimized culture media and physical or chemical treatments of the sample should enable selective
detection of Legionella pneumophila **. Further, samples containing low numbers of pathogens (main-
ly drinking water samples) can also be pre-enriched by membrane filtration **.

Besides the qualitative character of the method, a quantitative result is obtained by enumeration of the
colonies formed. The evaluation of cultures in conventional microbiology is carried out exclusively
visually by well-trained laboratory staff *. Thus, the human eye does the most straightforward and
most applied inspection. However, this is also the weak spot of the conventional method. The follow-
ing calculation demonstrates this: Starting from a single pathogenic bacterium (N, =1 cell) that grows
under optimal conditions with a specific growth rate of . = 1.39 h™ (doubling time for E. coli is tg =
0.5 h) *. Here, the number of cells that form a colony visible represents the detectable quantity. The
LOD is approximately 107 to 10® cells *. As a result, a detection time of approx. 11.6 to 13.3 h is ex-
pected. Consequentially, visual inspection becomes a time-consuming process, especially for slow-
growing pathogens °'. Even a tenfold increase in the doubling time (z; = 5 h, not uncommon for L.

52-53

pneumophila ) with the same LOD leads to a detection time of approx. 116 to 133 h. Thus, the

conventional microbiological analysis might lead to delays in countermeasures.
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Figure 1: The essential procedures used in the conventional microbiological analysis for the detection
of bacterial contaminations.

Additionally, the counting process is prone to error because it is based on subjective decisions ***°. In

order to overcome these issues, advanced optical technologies were developed to allow an earlier and
more reliable detection. For example, expensive cameras and scanners are involved in so-called auto-
mated colony counters capturing images of incubated Petri dishes and visible colonies at an earlier
stage of colony formation >* "%, For this purpose, image processing algorithms are applied to define
and count colonies . However, these automatic counting techniques also have drawbacks, as expen-
sive software tools > and instruments ® are required. Further, even dust particles and scratches can

4
lead to erroneous measurements > >,

1 1 . .
3161 T ikewise, the

Another optical method approach is the use of microscopy to detect microcolonies
aim is to minimize the LOD (microcolonies consist of 10° to 10° cells %), but the quality of the agar

can already lead to errors in detection ®. However, among optical detection techniques, naked-eye
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colony counting on agar is still the dominant approach for the detection of bacterial contamination in
conventional microbiological analysis.

The optical inspection techniques mentioned so far have one common feature since they provide quan-
titative results expressed in colony-forming units (CFU) per milliliter or gram sample **. This metric is
straightforward and can quantitatively indicate the degree of bacterial contamination. For instance,
100 CFU / 100 mL for L. preumophila or 0 CFU / 100 mL for E. coli in drinking water samples repre-
sent a technical threshold value according to the German Drinking Water Ordinance (Trinkwasserver-
ordnung, TrinkwV2001). If the threshold value is exceeded, technical measures must be initiated to
protect the health of affected consumers. Table 1 summarizes some examples of legal and technical
threshold values for pathogenic bacteria from different sources.

However, despite the ease of quantification, three significant problems arise with conventional micro-
biological analysis. First, the clear discrimination of different species is often impossible due to the
similar look of colonies on the same culture medium. Therefore, the actual count of a species might be
overestimated or underestimated. In order to overcome this issue, chromogenic media are available for
certain species to facilitate selective enumeration of species *. Second, underestimating cell numbers

can occur on plate counts due to cell aggregation ®.

Table 1: Legal and technical threshold values of selected pathogens from different sources

Source Species/ bacterial group Threshold Reference
Escherichia coli 0 CFU/100 mL TrinkwV 2001
drinking water Pseudomonas aeruginosa 0 CFU/250 mL TrinkwV 2001
Legionella spp. 100 CFU/100 mL TrinkwV 2001
Salmonella spp. 0CFU/25 g EC 2073/2005"!
egg products -
Enteriobacteriaceae 10°-100° CFU/gormL | EC 2073/2005
minced meat Escherichia coli 50" - 500° CFU/g EC 2073/2005
cheeses made . ) . "
Coagulase-positive staphylococci 10*® - 10°® CFU/g EC 2073/2005
from raw milk

a cc

m”-value, represents guidance level
® “M”-value, represents warning value

Third, not all bacteria can be cultured under laboratory conditions. Some pathogens can also enter a

so-called viable but nonculturable (VBNC) state ®.

' Verordnung iiber die Qualitit von Wasser fiir den menschlichen Grbauch 1, 2 (Trinkwasserverodnung -
TrinkwV Anlage 1 (zu §5 Absatz 2 und 3) Mikrobiologische Parameter

(2] Verordnung iiber die Qualitit von Wasser fiir den menschlichen Grbauch 1, 2 (Trinkwasserverodnung -
TrinkwV Anlage 3 (zu § 7 und § 14 Absatz 3) Indikatorparameter

B3] Commission Regulation (EC) No 2073/2005 of 15 November 2005 on microbiological criteria for foodstuffs
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Detection techniques for bacteria

More sophisticated and culture-independent detection methods are available to detect these bacteria as
well, which are briefly presented in the following section. Furthermore, advantages and drawbacks are

discussed.

2.1.2 Culture-independent detection techniques

Culture-independent techniques form a very heterogeneous group of different approaches addressing
the detection of bacterial contaminations. In general, this group can be classified into three subdivi-
sions: (i) molecular-biological, (ii) immunological and (iii) biosensorical.

One of the most popular techniques is the polymerase chain reaction (PCR) ¢’. PCR is assigned to
molecular detection methods, which target specific regions in the genome of the pathogens (more pre-
cisely, short nucleic acid sequences of the DNA) rather than the entire microorganism **. These DNA
sequences are amplified through several PCR cycles. In order to increase the concentration, further
reagents are required, such as template DNA, primers, nucleotides and DNA polymerase ®. Finally, in
conventional PCR, the amplified target DNA is detected using gel electrophoresis *°. Single-step de-
tection of different bacteria in one sample can be realized by multiplex-PCR (mPCR) **. Therefore,
additional primers are added to detect specific DNA sequences of different bacteria 2. A more sophis-
ticated approach is real-time PCR (RT-PCR), where a fluorescence signal is detected as the target
DNA sequence is labeled during the PCR cycles by probes that emit fluorescence **. The concentra-
tion of amplified DNA is proportional to the emitted fluorescence signal. Thus real-time information is
provided *. However, this additional information is also accompanied by extra and more expensive
instrumentation since a spectrofluorometer is required to detect the fluorescence signal.

Nowadays, the classical PCR method can also be further enhanced for obtaining quantitative data,
which are realized in different forms such as qPCR and digital PCR (dPCR). These quantitative data
can be expressed, for instance, in genome units (GUs) per liter determined by standard curves . The
main advantage of PCR techniques is indubitable the fast detection time "*”'. All developments indeed
render the PCR method more selective and sensitive, but at the same time, the costs for equipment, its
maintenance and the use of special chemicals also increase **. Besides, obtained results are not trivial
to interpret, and trained staff is necessary for correct data evaluation *>. However, the main limitation
of PCR methods in the context of bacterial detection is the lack of discrimination between living and
dead cells since even DNA residues from damaged cells in the sample are amplified and consequently
detected > > 72,

Immunological methods form the second important class. Here, the most frequently applied technique
is ELISA (enzyme-linked immunosorbent assay) "*. In general, specific antibodies are used to detect
antigens on the pathogen's surface or their produced toxins '. These antibodies are coupled with en-
zymes (e.g. horseradish peroxidase, HPR) *°. A color response caused by an enzymatic reaction be-

tween HPR and a chromogenic compound provides the detectable quantity, which in turn is detected
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by an ELISA reader ™. Different ELISA approaches are used such as (i) direct: the enzyme is coupled
with primary antibody conjugate, (ii) indirect: the enzyme is coupled with a secondary antibody con-
jugate, which is linked to a primary antibody conjugate, and (iii) sandwich: the antigen is intercon-
nected between two antibodies (direct and indirect approach is possible) "*. ELISA allows high sensi-
tivity as well as high specificity for the detection of bacteria. Depending on the chosen approach, dif-
ferent limitations can occur: primary antibody labelling is tedious and expensive (direct ELISA), a
secondary antibody can cause cross-reactions (indirect ELISA), and due to the sandwich structure,
only antigens with two antigenic sites are measurable (sandwich ELISA) 7.

The term biosensors summarize the last large class of detection techniques. In general, a biosensor is
composed of the following components: (i) the probe, i.e. bio-receptor that recognize a biochemical
signal, (ii) the transducer, which translates the biochemical signal into an electrochemical, optical,
mass, or thermal signal that can be measured and (iii) an amplifier . The biochemical signal is gen-
erated by a reaction between the analyte and the bio-receptor (e.g. enzymes, antibodies or bacteria) ™
77 Among the different kinds of biosensors, optical and electrochemical techniques are frequently used

to detect bacteria "*. The advantages of biosensors are the high specificity as well as sensitivity > .

Further, miniaturization is in principle possible and easy to use in different application areas "> ’*.

Due to the diversity of biosensors used, it is challenging to generalize limitations and drawbacks in
bacterial detection. However, the sample matrix can be limiting the sensitivity and selectivity of the
sensor '°. In particular, when only subcellular structures such as enzymes, DNA or RNA are detected,
additional steps for sample preparation and extracting reagents are necessary " . Specific biosensors
like Surface Plasmon Resonance (SPR) are highly sensitive, but due to the complexity of the meas-
urement, well-trained staff and expensive equipment are required *'.

In summary, there is a wide variety of alternative detection methods that differ from the conventional
microbiological analysis. These methods often do not require artificially induced cultivation of the
pathogen. Instead, specific components or excreted substrates of the pathogen such as genes, proteins,
enzymes, toxins or antibodies are selected for the detection. The superiority in detection time becomes
clear when one realizes that these components or substrates are detected very specifically by one or a
few chemical reactions. By comparison, forming a new cell (during cultivation) involves a tremendous
number of chemical reactions.

Now that a selection of common detection methods has been presented, the focus of the following
sections will be on isothermal micro(bio-)calorimetry. First, there is a short introduction to the topic,
then a historical review followed by presenting the measurement principle and a summary of applica-
tions known from the literature. Finally, the chapter closes with the design and construction process of
isothermal microcalorimeters. Included are two brief sections on FEM as a development tool for calo-

rimeters and requirements imposed on an isothermal micro(bio-)calorimeter.
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Isothermal Micro(bio-)calorimetry

2.2 Isothermal Micro(bio-)calorimetry

There is no precise classification of isothermal microcalorimetric measurements in the context of bac-
terial detection. The technique is in between conventional methods and biosensors. In this thesis, the
term micro(bio)-calorimetry is designated for this purpose. The corresponding instruments are called
micro(bio-)calorimeters. Micro(bio-)calorimetry is an interdisciplinary research field composed of two
subjects, microbiology and microcalorimetry. A similar term, “Microbiological calorimetry”, was

8385 or biochemical

introduced by Gustafsson in 1991 *. The terms bio- (or biological) calorimetry
calorimetry  are used across the board, which are not only aimed at microbiological systems.
Briefly, the metabolic activity of bacteria in culture media is monitored via heat flow sensors under

almost isothermal conditions. Figure 2 illustrates the principle of measurement.

Figure 2: Principle of the micro(bio-)calorimetric measurement for the detection of bacteria. Due to
the metabolic activity of growing bacterial cells, the temperature increase in the calorimetric ampoule
leads to a heat flow across the heat flow sensor. Parts of the figure are adapted from *’ and *.

The growth of bacteria is mainly an exothermic process (exceptions are known *), i.e. heat is pro-

duced and caused an increase in temperature in the sample. As a result, a temperature gradient is
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formed across the heat flow sensor. Due to the small heat production rate of a single growing bacterial
cell (1-4 pW) ¥, the increase in temperature is relatively small (a fraction of a mK). Therefore, a pre-
cise temperature control unit and sensitive heat flow sensors are required to detect microbial heat trac-
es. A detailed description of the measurement principle is given in section 2.2.2.

In the following section, the historical development of micro(bio-)calorimetry as an analytical tool for

detecting microbial activity is reviewed.

2.2.1 A brief historical review

The first applications of calorimetric experiments on living systems were independently conducted by
Crawford in Scotland and Lavoisier and Laplace in France at the end of the 18" century ***°. The ice
fusion calorimeter developed by Lavoisier was not scaled for microbiological systems but rather for

minor mammalian (Figure 3).

Figure 3: Determining the metabolic activity of guinea pig by an ice fusion calorimeter conducted by
Lavoisier and Laplace. The equation shows the relationship between the determined heat AQ and the
measured mass Am of melted ice. Reprinted from *' with permission from © (2014) Wiley-VCH Ver-
lag GmbH & Co. KGaA.

In the middle of the 19™ century, the first calorimetric experiments involving microorganisms can be
attributed to Dubrunfaut 2. With his macrocalorimeter, he determined the heat production during the
alcoholic fermentation process catalyzed by yeast. At the beginning of the 20" century, the first stud-

ies were explicitly conducted addressing the heat production of bacteria *. Tangl and Rubner used
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combustion calorimeters to measure the heat of combustion of the nutrient bouillon before cultivation
and after cultivation (with bacteria) **. From the difference, the energy converted could be determined.
Rubner realized that the calorimeters, which were in use at that time, were inadequate and not sensi-
tive enough for directly measuring the heat production of bacteria **. Consequently, he developed a
microcalorimeter to investigate various microbial processes, such as the souring of milk .

Later, Hill independently developed an improved version of the calorimeter designed by Rubner and
used it to measure the heat production of microbial processes . Based on the work of Hill, Shearer
investigated the heat production of growing Bacillus coli (later renamed as E. coli *°) in different cul-
ture media and was able to show that the medium composition affects the amount of heat released *’.
In the late 1920s, Bayne-Jones and Rhees combined bacterial counts with the time-dependent heat
production and found different growth phases of the bacteria during their calorimetric experiments .
They linked for the first time growth phase changes to a switch in the metabolism of the bacteria and
determined a cellular heat production rate of a growing bacterium to 10~ cal (4.2 nJ) .

Considerable progress in the study of bacterial metabolism was made in the middle of the 20" century.
This progress can be essentially attributed to the advancement of calorimeters. The construction of a
new type of calorimeter, developed by Tian and later optimized by Calvet, made a particular contribu-
tion *°. These Tian-Calvet heat conduction type calorimeters represent the foundation of modern mi-
crocalorimeters "°. Continuing this work, Wads6 and co-workers developed more sensitive and power-
ful isothermal microcalorimeters based on the heat conduction type '*. Microcalorimetry became
more and more an analytical tool for biological issues during this period, as the design was aimed at
biological and biochemical work "%,

Due to progress, microcalorimetry became interesting in the field of clinical diagnostics . Boling et
al. showed that characteristic heat flow patterns could be obtained for bacteria of the family Entero-
bacteriaceae, and thus identification is possible '°. Russel et al. investigated the heat flow pattern of
more than 200 clinically relevant strains and claimed that bacterial identification is possible in less
than 24 hours '®. The use of microcalorimetry as a detection tool was made in the 1970s and 1980s
mainly to estimate microorganisms in food. In 1974, Berridge et al. detected bacteria in milk and
found that 10° CFU/mL bacterial concentrations resulted in a detectable heat flow '**. Lampi et al.
(1974) examined vacuum-packed food %, and soon after, Ripa et al. (1977) detected bacterial growth
in contaminated blood culture ', and Gram et al. (1985) monitored the quality of meat and fish by
microcalorimetry ** %

During this time, isothermal microcalorimeters were mainly constructed by academia as individual
devices. Later, manufacturers like LKB Instruments in Sweden began with serial production of iso-
thermal microcalorimeters and commercialized the multichannel (four-channel) Bio Activity Monitor
(BAM), later renamed as Thermal Activity Monitor (TAM) ', enabling greater sample throughput '*’.

Nowadays, TA instruments (a successor of LKB), Calimetrix, Symcel and Setaram provide a diverse
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portfolio of different microcalorimeters (more information in section 2.2.4). However, even today,
there are some examples of uniquely constructed calorimeters, e.g. '**''°.

Interestingly, almost 20 years have passed before applications of microcalorimetric detection for bac-
terial contamination have been recognized again. The focus of recently published microcalorimetric
investigations was on clinical diagnostics. In 2007, Trampuz et al. detected pathogenic microorgan-
isms in platelets products *° and used microcalorimetry to detect bacterial meningitis in cerebrospinal
fluid '""'. Braissant and co-workers extensively investigated a microcalorimetric approach to detect
tuberculosis agents ''>''*. More details on this topic are given in section 2.2.3.

Before addressing some applications in isothermal micro(bio-)calorimetry, the underlying measure-

ment principle of a micro(bio-)calorimetric detection of bacteria is introduced.

2.2.2  Micro(bio-)calorimetric principle

The principle of detecting bacterial contaminations by micro(bio-)calorimetry is based on heat flow
measurements. The heat flow @ (in W) originates from the metabolic activity of bacteria in the sam-
ple. In general, the sample contains an initial number of bacteria, N, (pure or mixed cultures), sub-
strates such as carbon (primary energy source) and nitrogen. Supplements, e.g. vitamins, trace ele-
ments, and buffer, are added to support bacterial growth. Additionally, the sample can contain part of
the sample matrix (liquids and solids). If we consider the cellular level, the simplified scheme of an

open system, e.g. metabolizing glucose shown in Figure 4 is obtained.

Glucose (ag) H,O (aq)
0, (aq) EtOH (ag)
Metabolically active cell CO, (aq)
Heat
Biomass
Heat

Figure 4: Biothermodynamic view of a metabolically active cell as an open system. The cell mem-
brane represents the system boundary and is indicated by red lines, at which substrates like glucose
and oxygen can be taken up by the cell and products like carbon dioxide, water and ethanol are re-
leased into the environment. Heat is released (exo-) into or consumed (endothermic) from the envi-
ronment. The figure is adapted from '"’.
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However, on a smaller scale, many enzyme-catalyzed reactions taking place to disassemble the glu-
cose molecule (catabolism) and transform the substrates into products such as ethanol, water, carbon
dioxide, and new biomass (anabolism) ''*'"”. From a kinetic point of view, the latter does not contrib-

ute significantly or only slightly to the overall metabolism **''®

. Each reaction step is accompanied by
heat release (negative reaction enthalpy, exothermic) or heat consumption (positive reaction enthalpy,
endothermic) that is determined by the stoichiometry of both processes: product formation and micro-
bial growth '"°. Eq. 1 reflects the stoichiometry of the product formation on the example of aerobic

microbial growth '’
Ys/xCs1Hs20s3 + Yy/xNHZ + Y5,x0; = CxqHxpOx3Nxa + Yiy,0/xH20 + Yco,,xHCO3 + Yy xH* (1)

Where Cg;Hs,0Og3, NH," and O, represent the carbon, nitrogen source, and terminal electron acceptor.
Cx;Hx2Ox3Nx4 stands for the formed biomass and H,O, HCO; and H' for the products formed during
the growth process. Ysx, Ynx, Yoxs Yo, Ycouxs Yax express the yield coefficient of each reactant
consumed and product formed (except for biomass) ''*. Despite the stoichiometry, the net reaction heat
production rate (i.e. heat flow) reflects the kinetics of the microbial growth process and is detected in

real-time by microcalorimetry ''>'"*'* The heat flow is expressed by eq. 2:

Where ArH; (in kJ mol™) is the enthalpy of each reaction j taking place in the metabolically active cell,
¢ i (inmol L s is the product of the reaction rate r; (in mol L™ s™') and the stoichiometric coefficient
vy of the species i in the reaction j ''°. The proportionality between the reaction enthalpy and the heat
flow is only valid for an open system under constant pressure '*°.

In order to break it down to a simple mathematical relationship (eq. 3), this means that at a present
time ¢, the metabolic caused heat flow @(7) (in W) is determined by the actual number of bacteria N(¢)

and their specific cellular heat production ¢ (in W) '":

o(t) = ¢ N(t) 3)

The specific cellular heat production term reflects the total energy balance of metabolism (growth
stoichiometry and formation of products ') in a single cell and can be viewed in an elementary form
as the power output of an engine. For the specific cellular heat production, only a few data of selected

122-123
cells are reported

since experiments cannot directly determine this quantity due to the small val-
ues for bacterial cells (in the range of a few pW) *°. Further, this value may depend strongly on the
available energy source and cultivation conditions '*. Thus, it is closely associated with the bacteria's

growth rate u (in h™) *.
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The heat flow caused by bacterial activity in a contaminated sample can only be detected if the signal
exceeds a threshold that is significantly above the baseline noise of the microcalorimeter employed.
Unfortunately, empirical threshold values are used for different calorimeters based on a manifold of
the sensitivity of the respective calorimeter '**. The corresponding time is determined as the detection
time #4... Currently, there is no statistical model to assess the earliest metabolic activity that the calo-
rimeter can detect. Figure 5 reflects the process of determining the detection time for an exemplary
heat flow measurement. All studies from the literature dealing with the calorimetric detection of bacte-
rial contaminations recorded the complete heat flow curves reflecting the bacteria growth under batch

2123 "However, the yellow-marked area in Figure 5 is not nec-

cultivation conditions (see, e.g. in
essary for the detection. Only the increase of the heat flow signal caused by a contaminated sample has

to be recorded.

400

— blank
350 - —— sample replicate 1
—— sample replicate 2

300 -

250 -

200 -~

150

Heat flow/ uw

1004 - - =/

50 ~

Time/ h

Figure 5: Determining the detection time 74, of a micro(bio-)calorimetric measurement at a prede-
fined detection threshold of 100 uW. The yellow area displayed the part of the heat flow curve which
is not of interest for the detection.

10* to 10° CFUs are necessary to monitor a detectable heat flow using very sensitive microcalorime-
ters (detection limits < 1 pW) ', If the initial number of bacteria is N, < 10%, a growth medium must
be added to the sample to initiate bacterial growth. Consequentially, the growth behavior follows an

exponential function (eq. 4):

N(t) = Ny-exp(u-t) (4)

Finally, eq. 3 and 4 can be coupled through the number of bacteria present in the calorimetric experi-

ment at time ¢. The resulting equation is (eq. 5):
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D(t) =@ Ny exp(u-t) Q)

Rearranging of eq. 5 leads to eq. 6 that shows the proportionality between the detectable heat flow

®Dyee (in W) and the detection time e, (in h) '**:

In(dect)—In(o)

teet = ——2—4—— (©)

In order to obtain the lowest detection time, all parameters related to the bacteria under study (¢, N,
1) should be maximized for their calorimetric detection. It is essential to note that eq. 5 is only valid if
enough nutrients are available '**.

In the next section, the total records for micro(bio-)calorimetric detection of bacteria are reviewed.

Further, the advantages and limitations of this detection method are summarized.

2.2.3 Applications of micro(bio-)calorimetry in the context of bacteria detection

Micro(bio-)calorimetry, like any analytical tool, has advantages and limitations. Regarding bacterial
detection, the real-time monitoring potential is a plus since any changes in the measured heat flow can
immediately be registered by the operator. For instance, if a sample already contained enough meta-
bolically active bacteria, the produced heat flow can directly be discriminated from the noise of the
baseline. The state of the sample (liquid or solid) and its optical properties (transparent or opaque) are
theoretically unimportant '®. However, due to the unspecific nature, any physical, biological, or chem-
ical reaction is accompanied by heat production or consumption and consequentially affects the over-
all heat flow '*. Hence, abiotic side reactions within the sample, such as pH shifts, evaporation, con-
densation, and degradation processes, must be known or at least considered * '*°. A further benefit is
that the measurements do not require expensive reagents for labelling or initiation **. In most cases, a
cheap and simple culture medium (sometimes supplemented with selective marker) already provides
an ideal nutrient supply for the micro(bio-)calorimetric detection of bacteria.

This detection method has already been applied to examine bacterial contaminations in food **, agri-

201 and tap water **. Unfortunately, most studies working

cultural products %/, clinical diagnostics
with artificial contaminations and thus represent only a proof of concept. In the following, a systemat-
ic review of micro(bio-)calorimetric applications in the context of bacterial detection is presented.
Table 2 includes the sample material to be tested, the calorimeter used for the investigations and the
associated measurement conditions such as temperature, sample volume, and culture medium. In addi-

tion, the bacteria examined are listed (if known), and a summary of the most important results is given.
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Table 2: Summary of micro(bio-)calorimetric studies addressing the detection of bacteria in different sample materials

Sample ) Veample Culture Investigated o
] Calorimeter T/°C ] ] . Main findings Ref.
material /mL medium microorganisms
microcalorimeter, C. lacticum, S.cremoris, )
) The species and age of culture showed a dependence on the heat pro-
) continuous flow o E. coli, K. aerogenes, o s . 104
milk ) 30 1.0 sterile milk (1) duced per CFU. The detection limit of < 5-10° CFU mL"™ was charac-
version Micrococcus sp. Pseu- o ) )
teristic for calorimetric measurements.
(LKB Instruments) domonas sp.
microcalorimeter, Optimal blood culture medium composition was microcalorimetrically
) ) E. coli, S. aureus, N. ) ) ) 105
blood culture modified version 37 4 TSB (1) determined. The effects of different supplements on heat production by
meningitidis ) ) )
(LKB Instruments) the three species were investigated.
) Bacterial concentrations from 10% to 10% cells g were detectable with-
ground meat LKB 2277 nutrient broth . ) . . .
) o ) 21,30 1 unkown in 24 h by microcalorimetry. Correlation between the peak of heat
and fish BioActivity Monitor O ) )
production rate and colony counts were established.
The calorimetric detection limit was 1 to 10 CFUs per mL PLTs. De-
* latel S. sanguinis, E. coli, S. | tection times were highly dependent on initial bacterial concentration,
ac’ platelets
(PLTS) 3 TSB (1) aureus, S. epidermidis, | e.g. 3.2 h (10° CFU mL™") and 7.5 h (10' CFU mL™) for E. coli. Char- 20
s
P. ances, C. albicans acteristic heat flow patterns of each species were observed and almost
TAM 111, equipped 37 independent of the initial concentration.
with 48 channels . S— : -
A strong correlation between the bacterial titer (CFU mL™) and time to
ac calorimetric detection was observed. Detectable heat flows from small
. S. pneumoniae, N. ) )
cerebrospinal sample volumes of CSF were obtained in a few hours, e.g. 3.9 h .
3.1 TSB, BHI (1) meningitidis, L. mono-

fluid
(CSF)

cytogenes

(10 uL) and 5.5 h (1 pL) for N. meningitidis (co = 1.3 -10° CFU mL™).
TSB showed shorter detection times and higher peak heat flows than
BHI.
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Table 2 - Continued

methicillin-resistant S.

The treatment of cefoxitin affected the metabolic activity of MSSA but

clinical iso- TAM 111, equipped TSB
) aureus (MRSA), methi- | not of MRSA. 30 clinical isolates, 19/20 (MRSA) and 10/10 (MSSA) 2
lates, pure with 48 channels 37 3 with/without
cillin-susceptible S. were correctly discriminated by microcalorimetry. Detectable heat
cultures cefoxitin (1)
aureus (MSSA) flows for MRSA were obtained within 5 h.
M. phlei, M. abscessus,
First-time ampoules were filled with agar slants for microcalorimetric
) M. Kansasii, M. avium, . . L .
b Lowenstein- detection of bacteria. Detection times were ranging from 20 to 310 h -
TAM 48, ~2.2 M. bovis, M. chelonae,
Jensen (LJ) (s) for different mycobacteria and initial concentrations. The maximum
M. smegmatis, M. tu-
clinical iso- heat flow was related to the initial bacterial concentration.
berculosis
lates, pure 37
A proof of concept for a low-cost microcalorimeter on the detection of
cultures
LJ, Mid- mycobacteria in liquid and on solid medium was presented. Heat flow
M. tuberculosis, M. 3
TAM Air 5-7 delbrook 7H9 curves and metabolic activity determined by triphenyl tetrazolium
smegmatis, M. avium
(s) chloride were in good agreement. The same was true for total heat and
produced biomass (determined by ODy).
Growth parameters of different mycobacteria were determined in steri-
sterilized lized urine. Only M. tuberculosis did not grow in sterilized urine. The
M. tuberculosis, M.
urine addition of 10 % calf serum supported the growth of M. tuberculosis. 4
smegmatis, M. phlei, M.
with/without " The modified urine caused biofilm formation in M. kansasii and M.
ansasii
calf serum (1) tuberculosis cultures. Approx. 2.5 times greater, and extended activity
ac urine TAM 48 37 3 was calorimetrically detected.

sterilized

urine (1)

E. coli, E. faecalis, P.

mirabilis, S. aureus

The following detection limits were obtained 1 CFU mL 'for E.coli,
10 CFU mL"! for P. mirabilis and E.faecalis and 10*> CFU mL™ for &.
aureus. Detectable heat flows for E. coli were reached after 3.9
(10° CFUmL™") to 17.2 h (1 CFU mL™"). Each species caused a charac-

teristic heat flow pattern in sterilized urine.
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Table 2 - Continued

Thermal Activity

LB (D,

Comparison between calorimetric detection and conventional inspec-
tion by count plates were conducted. Calorimetric detection took 5 h

(12 cells mL™") and was superior to optical inspection 9-10 h. A linear

32

ac tap water Monitor 2277, 37 3,4 mineral medi- E. coli, P. putida ) o S
correlation between the degree of contamination (logarithmic cell
TAM 11 um M9 (1) ) ] ) ) ) ) ) )
concentration) with the calorimetric detection time using a simple
mathematical model was presented.
BHI Detection times < 8 h of S. aureus strains with reduced susceptibilities
L . . . Staphylococcus aureus ) ) ) )
clinical iso- TAM 111, equipped with/without ) to vancomycin were obtained by microcalorimetry. VSSA, hVISA, and 128
) 37 3 ) strains (VSSA, hVISA, ) o )
lates with 48 channels vancomycin VISA, VRSA) VISA phenotypes were reliably discriminated by their thermal response
)] ' to concentration-dependent treatment of vancomycin.
Detection times obtained for P. aeruginosa were 2.9 h (10° CFU mL™Y),
cal enriched with | E.coli, P. mirabilis, K. | 4.3 h (10 CFU mL™), for E. coli 1.9 h (10° CFU mL™"), 7.6 h (10 CFU
alvet
pure cultures . _ 36 1 digested soy- | pneumoniae, P. aeru- | mL™"), for P. mirabili 1.7 h (10° CFU mL™), 6.2 h (10 CFU mL™"), for 129-131
microcalorimeter ) 6 ] ]
casein (1) ginosa, E. faecalis K. pneumoniae 1.6 h (10° CFUmL™), 5.6 h (10 CFU mL"), for E.
faecalis 2.7 h (10° CFU mL™), 4.7 h (10 CFU mL™").
) The detection limit of 3-10* cells per vial was determined for the mi-
pre-production model ) ) ) ) 8
pure culture 37 0.3 LB (1) P. mirabilis crocalorimeter employed. Detection times were ranging between 2
CalScreener ¢
(10° CFU) and 9 h (1 CFU).
C. albicans, S. aureus, | A comparison between microcalorimetry and visual inspection in
5 SB () Penicillium sp. B. sub- | sterile assessment was made. The application of membrane filters to
5 TSB
ac parental TAM 48 3 tilis, A.s brasiliensis, P. | liquid cultures in microcalorimetric experiments was presented. Detec- 132
drug products aeruginosa tion times obtained from calorimetric monitoring were always superior
to visual detection. Further, smaller volumes can be employed in mi-
325 FTM (1) C. sporogenes .
crocalorimetry.
TSB P. brassicacearum Thermal viable counts of cells (pure cultures) by IMC were superior in
pure cultures, ) ) o o
o TAM Air equipped B. amyloloquefaciens | speed, sensitivity, and accuracy than count plates. Additionally, ther- 133
stabilized ) 25 6 LB ) ]
) with 8 channels subsp. plantarum mal viable counts were applicable when cultures were coated onto
formulations ) )
PDB C. rosea wheat seeds, besides the natural microflora of the seeds.

uonoNposu|



143

Table 2 - Continued

TSB, CMM, . i . . .
C. acnes, F. nucleatum, | Optimal medium composition and available oxygen in the headspace
clinical iso- . H-Medium, . ] .
TAM III, equipped ) F. magna, P. micra, B. | (by varying the fill volume of the ampoules) was investigated by IMC. 2
lates, ) 37 3,4 enriched
with 48 channels ) fragilis, A. odontolyti- | 4-mL filled ampoules showed better growth for the anaerobes. Detec-
pure cultures thioglycolate o ) )
) cus, C. difficile tion times for different species ranged from 10 to 72 h.
medium
IMC measured the metabolic activity of microbial communities on
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Introduction

Generally, three main features can be deduced from almost all studies: (i) measurements are almost
exclusively performed in liquid medium. (ii) small sample volumes (< 5 mL) are predominately used,
which can be attributed to the small-size vessels available for powerful microcalorimeters and (iii) less
effort was put in the direction of applying real samples to calorimetric detection. Significantly the
latter might hinder calorimetry from becoming a routinely used microbiological tool until now.

The following sections deal with the construction, design, and development of isothermal micro(bio-

)calorimeters.

2.2.4 Design and construction of isothermal micro(bio-)calorimeters

In general, calorimeters are thermophysical instruments for measuring the heat released or consumed
during biological, physical, or chemical reactions "**. Based on the underlying principle of heat meas-
urement, three different isothermal microcalorimeters are known: i) adiabatic, ii) heat conduction and
iii) power consumption ' ', Additionally, a distinction can be made between flow microcalorimeters
and batch-type microcalorimeters. The latter is based on a static vessel system, commonly used for
micro(bio-)calorimetric measurements. Therefore, in the present work, emphasis will be laid on the
heat conduction batch-type microcalorimeter. The term “micro” implies that heat flows in the micro-

watt [pW] range can be resolved '*.

2.2.4.1 General components of an isothermal microcalorimeter

An isothermal microcalorimeter essentially consists of the following components: heat flow sensor
(measuring unit), sample vessel, heat sink, temperature control units, insulations, amplifier, and data
recorder. Figure 6 displays the arrangement of all essential components of such a calorimeter.
Conducting experiments in isothermal microcalorimeters require that the temperature is nearly con-
stant during measurement *>. In order to achieve high-temperature stability, two essential components
are required: the insulation and temperature control units. In addition to the choice of heat flow sen-
sors, both aspects greatly influence the sensitivity of isothermal microcalorimeters.

The primary purpose of proper insulation is to ensure that external temperature fluctuations are effec-
tively buffered and thus do not affect the temperature inside the microcalorimeter *'*. Styrofoam is
often used as an insulation layer '°" '*°. Alternatively, several layers of different thicknesses and other
materials can be employed °'. Besides, the medium (e.g. oil, water, air) selected for temperature con-
trol of the calorimetric channels can also significantly influence temperature stability. Two different
approaches can be found in literature. Better temperature homogeneity is achieved using oil ' or wa-
ter °7"%*. In contrast, with an air-heated thermostat, the temperature homogeneity might be lower, and

thus the temperature stability is not as accurate as in the case of using a liquid coolant.
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Figure 6: Arrangement of all essential components of a calorimeter. The figure is adapted from "*°.

Temperature sensors (e.g. Pt100) are primarily used combined with proportional-integral-derivative
(PID) controllers to regulate the heat output of heating elements in the calorimeter ''°.
The measurement unit in an isothermal microcalorimeter is a heat flow sensor. The heat flow sensor is

positioned between the calorimetric vessel, in which the reaction occurs, and a heat sink (Figure 6) **

% Thermoelectric generators (TEGs) are widely used as heat flow sensors. TEGs often consist of two
ceramic plates, which form the top and bottom sides of the sensor, with an array of interconnected
thermocouples in between. For the latter, often, the semiconductor bismuth telluride (Bi,Tes) is used.
Each thermocouple consists of a p-type (Bi,Te; - Sb,Te; alloy) and n-type (Bi,Te; - Sb,Tes alloy) leg,
which is connected via copper plates to another thermocouple '*. Bismuth telluride is characterized by
low thermal conductivity x and excellent thermoelectric properties (electrical conductivity ¢ and See-
beck coefficient a) '*°.

Suppose there is a change in heat in the sample vessel due to a reaction, then the local temperature in
the sample vessel changes. Typically, the temperature rise is so minimal that it does not significantly
affect the isothermal conditions "**. However, the temperature of the vessel T, increases (exothermic
reaction) and is thus higher than the operating temperature 7;,. Consequentially, a temperature gradi-
ent (AT = Ty - Teold) is formed above the TEG 141 Figure 7 schematically illustrates the underlying
physical effects.

The TEG measures the temperature difference between the top and bottom of the sensor. This temper-

ature gradient produces an electrical potential that results from the thermocouple (p- and n-type leg)
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due to the Seebeck effect '*. In short, the p-type leg has a higher number of holes (positive charge
carriers, h") than the n-type, which has a higher number of electrons (negative charge carriers, ) '*.
Higher thermal energy affects the mobility of the charge carrier in the legs, and the higher temperature

on the top (7T) cause diffusion of h” and e towards the cold side (bottom) of the sensor (7T.qq) *'.

Figure 7: Structure and operation of a TEG with the underlying physical effects using the example of
an exothermic reaction in the sample vessel. Due to the exothermic reaction, the top of the sensor is
warmer than the bottom, resulting in the formation of a temperature gradient (bottom left). The tem-
perature gradient initiates a net charge in the thermocouple legs to build up an electrical potential (bot-
tom right). The figure is adapted from *’.

Consequently, a potential difference (thermovoltage) between the hot and cold sides of the sensor is

formed. Hence, the electrical potential can be expressed by eq. 7 '*°:

U = nTEG ' (ap-type - an-type) ' (ThOt - TCOld) (7)

Where nrgg 1s the number of thermocouples, @, ype, n-type 15 the Seebeck coefficient (in V K'l) of each
leg, Tho and T¢oq are the temperatures on the hot and cold sides of the TEG (both in K), respectively.
The analogously generated thermovoltage is often further amplified and converted into a digital signal
employing an A/D converter.

From eq. 7 yields two key parameters that characterize the sensitivity and performance of the TEG.
The thermal resistance Ry, (in K W', reciprocal of thermal conductivity k) of the material should be as
high as possible since this increases the temperature gradient (A7) and subsequently the potential dif-
ference (U). The same applies to the Seebeck coefficient a (in mV K ™) '**. By using these two parame-

ters, the sensitivity S (in V W™) of the TEG can be calculated as follows (eq. 8) "*:
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S=a'Ry ®

Up to now, an idealized system has always been assumed, i.e. the heat generated in the sample vessel
flows completely over the sensor, and parasitic heat flows as well as heat accumulation are neglected

% For such an idealized system, the calibration constant ¢ (in W V") is the reciprocal of the sensitivi-
134,

ty (eq.9)

1 1
- = €))
S a- Rth

However, such ideal conditions do not prevail in real systems, and the thermal resistance of the TEG
alone cannot be used. Instead, the entire measuring unit (TEG + ampoule + possibly other components
such as ampoule holder) must be taken into account. In order to determine this thermal resistance, an

electrical calibration (mainly done by a resistance heater ** '*%) is

always necessary. Through this
calibration, two crucial pieces of information can be derived: (i) how much heat flows over the TEG
and (ii) the thermal resistance of the measuring unit. A fixed or mobile electrical heater can conduct
this electrical calibration '**. The mobile heater is inserted in an empty or filled calorimetric vessel,
placed in the measurement position and can thus better reproduce the actual heat flow of real meas-
urements '*. Alternatively, chemical reactions such as hydrolysis of triester (e.g. triacetin) can be em-
ployed for calibration '*.

So far, the descriptions have been presented from the sensor’s point of view. For the following expla-
nation, the perspective is changed to that of the sample. Additionally, physical effects are considered
for signal evaluation. In a real system, the calibration constant establishes the relationship between the

thermal power P (i.e. heat flow in W) released in the sample and the electrical potential U (in V) gen-

erated at the TEG (eq. 10) ** ',

P=¢-U (10)

In order to evaluate the corresponding heat flow signal of an exothermic reaction in the sample, further
physical aspects have to be taken into account. Hence, eq. 10 is only valid for reactions where the in-

134-1 - 101
135 "such as bacterial growth '*'. However, an adequate de-

duced heat flow is comparatively slow
scription for fast kinetic reactions taking place in the sample is not possible using eq. 10 since it does
not consider the thermal inertia of the sample vessel and its immediate surroundings. The thermal iner-
tia results from the interaction of heat accumulation with the associated temperature rise and heat run-

off. In order to illustrate this situation, the calorimeter equation (eq. 11) is introduced:

_Q
Cp_m'AT 11
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The thermal inertia of the sample vessel and its surrounding is given by their specific heat capacity C,
(in J kg K™), which is defined as the ratio of the required heat Q (in J) and the product of mass m (in
kg) and the temperature change AT (in K) undergone by the respective component.

Consequently, the thermal power is corrected for signal evaluation, which can be expressed by the

Tian equation (eq. 12) '*:

dpP
Po=P+1— (12)

P, is the corrected thermal power (in W). The second term contains the time constant 7 (in s) and the
time derivative of the thermal power dP/dz (in W s™), reflecting the delay in the recorded voltage sig-
nal of the thermal reaction taking place in the sample due to the thermal inertia of the measuring unit
108‘

Concerning the calorimetric vessel, there are no essential requirements for microcalorimetric experi-
ments. However, two aspects have to be considered. First, there must be direct contact between the
sample vessel and the heat flow sensor, meaning that almost all heat originating from a temperature
change in the vessel flows via the TEG. As mentioned above, the calibration can account for parasitic
heat flows in the measurement unit. However, if the thermal resistance of the measuring unit becomes
too small, it follows from eq. 7 and 8 that the measured voltage at the sensor will also be minimal, and
consequently, problems may arise during detection (signal-to-noise ratio). Alternatively, the vessel
must be surrounded by a highly thermally conductive material (e.g. aluminium tubes) that is in contact
with the TEG "*’. Second, the vessel material must be inert against corrosion or, generally, any process
producing or consuming heat "*”'*. Different materials such as glass, stainless steel, gold and plastics
were successfully applied to microcalorimetric measurements "’

Additionally, different sizes (ranging from 0.4 to 250 mL) and geometries of calorimetric vessels are
available '®. Finally, a large metal body (usually made out of aluminium) is used as a heat sink. Due
to the much larger heat capacity of the heat sink compared to the sample, the consumed or released
heat in the reaction under investigation can be compensated.

The following section deals with numerical simulations as a particular part of the development process

of microcalorimeters.

2.2.4.2 Numerical simulation as a development tool for the construction of microcalorimeters

The design and construction of micro(bio-)calorimeters set high requirements concerning the tempera-
ture distribution and stability in the entire system since minor temperature differences caused by bacte-
rial growth have to be detected by the heat flow sensors. The temperature stability in the entire system
is affected by time-dependent fluctuations measured by locally placed temperature probes. Thereby,

the temperature can only be determined at discrete points within the developed instrument. These usu-
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ally include a few selected points in the system, such as local temperatures on the heat sink or in the
surrounding medium (air, water or oil). Unfortunately, spatial temperature gradients are not accessible
using standard equipment (i.e. temperature probes) under laboratory conditions. From an engineering
perspective, it is desirable in the development phase of an instrument to obtain as much as possible
information about the system's performance. Therefore, tests under laboratory conditions represent the
most important part during this phase for a calorimeter. A valuable criterion here is the performance of
the heat flow sensor. In order to understand the produced voltage (or heat flow if sensors are already
calibrated), a comprehensive insight into the spatial temperature distribution in the measuring chamber
is necessary.

Numerical model simulations can be performed to gain this kind of information. These computer sim-
ulations are of great importance in device development and are often part of the entire construction
process '**. A popular and widely used approach for solving numerical models is the finite element
method (FEM) '***'_ In this method, the complex geometry of the model is decomposed into many
geometrically simple and finite elements (meshing) "*'. Depending on the systems' underlying physical
effects, partial differential equations (PDE) must be solved numerically 9 For instance, heat transfer
and flow phenomena are predominately occurring in a calorimeter. Therefore, the corresponding fun-
damental equations are solved numerically for each element. In this way, an approximate solution for
the complex geometry can be obtained .

The general workflow of such a simulation process is shown in Figure 8. The first step is to create the
geometry of the object to be studied. Thereby dimensions of the object can be taken from measure-
ments under laboratory conditions, or a CAD file is imported into the simulation software to recon-
struct the geometry. Depending on the problem to be investigated, the corresponding physics is select-
ed in the second step. In this case, Fourier's law describes the heat transport in solids (Figure 8). Fur-
ther initial and boundary conditions, such as the initial temperature or heat flow boundary conditions,
are necessary to obtain a unique solution for the problem under investigation. In the third step, materi-
al constants such as thermal conductivity, density, and heat capacity that appear within the PDEs must
be assigned to individual domains, faces, edges, or points of the object.

In the penultimate step, the meshing of the object into many small but finite elements takes place. By
using selected numerical solvers, a complex system of equations is then solved. In the post-processing
step, approximated solutions, e.g., the shown three-dimensional heat sink temperature distribution

(Figure 8) is visualized and further analyzed.

40



Introduction

Figure 8: General workflow of numerical simulations based on the FEM.

In the literature, there are already some examples of numerical simulations related to calorimetric is-
sues. In 1982, Davids and Berger have already introduced computational simulations to time-
dependent heat conduction processes between the fluid (in which the reaction occurred, heat source)
and an aluminium block (heat sink) based on FEM "**. Recently applications of FEM revealed, for
instance, dominant heat transfer mechanisms in a Tian-Calvet microcalorimeter during gas dosing

153 . . . . .. .
! and determination of electronic devices' power dissipation of a proposed non-

experiments
conventional calorimeter '**. Also, FEM was employed to demonstrate the applicability of computa-
tion analysis to heat transport phenomena in large-volume isothermal calorimeters '> and to visualise

the temperature distribution of a 3D model of a micromachined picocalorimeter sensor '°.
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Interestingly, all these computational simulations are addressing only specific issues of a calorimeter.
Additionally, the complex nature of temperature control systems, a prerequisite for an isothermal mi-
crocalorimeter, has so far not been considered. Further, many studies are dealing only with 2D models
to reduce computational resources. Thus, three-dimensional spatially resolved temperature distribu-
tions cannot be illustrated, which are essential to gain a comprehensive insight into the calorimeter.

Finally, the last section addresses the requirements for an isothermal micro(bio-)calorimeter designed
for routine microbiological testing. Further, the advantages and limitations of commercialized biocalo-

rimeters in the context of bacterial detection are presented.

2.2.4.3 Requirements for an isothermal micro(bio-)calorimeter

What are the requirements for a micro(bio-)calorimeter to be explicitly used to detect bacterial con-
tamination in different areas? In order to answer this question, a view to conventional microbiological
analysis might be helpful. Here, bacteria grow on solid medium in tiny, flat sample vessels (Petri dish-
es) made out of glass or plastic. The medium is available in excess (20 - 30 mL), and the large surface
area of the Petri dishes (d = 100 mm) enables optimal spatial growth of single colonies and gas ex-
change. Additionally, membrane filters (d = 47 mm) can be put onto the medium's surface if pre-
scribed by the ISO norm (Figure 1). Temperature control during incubation is not precisely regulated
(e.g. 37 £ 1 °C), and the desired temperature range for microbiological analysis is near ambient tem-
perature 20 - 40 °C. Depending on particular needs for certain bacteria, the gaseous environment can
be adapted to favorable cultivation conditions.

Concerning micro(bio-)calorimetric measurements, the size and geometry of the sample vessel might
be crucial since the amount of available oxygen (for aerobic cultures) and nutrients might be a limiting
factor to achieve a detectable heat flow. Here, primarily sealed 4-mL and 20-mL glass ampoules were
employed for microcalorimetric detection of bacterial contaminations '°. These ampoules have a too-
small surface area to perform conventional microbiological analysis, which may not allow subsequent-
ly quantitative enumeration. Besides, a standardized membrane filter cannot be applied.

In contrast to incubators used in conventional microbiology, the temperature is very precisely regulat-
ed in micro(bio-)calorimeters. For instance, the 3rd generation TAM III achieves temperature stability
of £ 10 pK over 24 h '’ These stabilities (in the mK range) are necessary since the increase in tem-
perature during bacterial growth and the corresponding heat flows are only a fraction of a few mK and
uW, respectively. Appropriate environmental conditions such as an anoxic gas phase can be created in
the closed ampoule system during sample preparation *.

Table 3 compares current commercialised micro(bio-)calorimeters or microcalorimeters (mainly used
in the context of bacterial detection) considering all the abovementioned criteria. Additionally, the

sensitivity and number of available measuring channels of these calorimeters are also listed.
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From this, it is clear that only two quite distinct classes of instruments are currently on the market. On
the one hand, calorimeters reflecting the use of small sample volumes (< 20 mL) and many available
channels (> 10) at high sensitivity (< 1 puW) and, on the other hand, devices for high sample volumes
(> 20 mL), fewer available channels (< 10) and low sensitivity (> 10 uW) '®. Consequently, due to the
use of smaller sample vessels, an assay arrangement of multiple sample vessels (multichannel micro-
calorimeter) can be realized in a single instrument "°’. However, high sensitivity is required because
small sample volumes do not provide excess consumable energy for the microorganisms, converted
into new biomass, and released heat during bacterial growth. Less sensitive calorimeters compensate
for this with an excess of available energy in larger sample volumes of the medium. In return, less

sensitive microcalorimeters are restricted to a few measurement channels.

Table 3: Specifications and features of commercialized micro(bio-)calorimeters adapted from '?°

, s - | BioCal 2000
TAM IV TAM air® | CalScreener™ .
/4000
Sample vessel
volume /mL 4 20 125 20 | 125 0.1-0.3 20 125
diameter /mm 10 27 50 27 50 8.5 27 74.1
Temperature
range /°C 4-150 5-90 37 5-70
stability /24 h <+0.1 mK +1mK n. a. +20 mK
Sensitivity
baseline drift pW /24 h | <0.04" | <02° | <6' | <5 | <55 <0.2 <20 | <60
short term noise /uW | <+0.01 | <+0.1 | <#0.5 | <1 | <+8 <=+0.05 n. a.
limit of detection /pW n. a. 2 8 0.1 5
Number of measuring .
1-48 8 3 48 (32)°¢ 2 4
channels

n. a. = not available

* includes the TAM IV-48 and TAM IV Micro XL

® nanocalorimeter

¢4 mL mini- / multicalorimeter

4 macrocalorimeter

¢ using 32 measurement positions and 16 references leads to best stability
" depending on the selected calorimeter

Interestingly, the CalScreener from Symcel (www.symcel.com/) is the first commercially available

micro(bio-)calorimeter focusing on a single, ambient operating temperature of 37 °C. Other micro(bio-

" https://www.tainstruments.com/wp-content/uploads/BROCH-TAM-1V pdf
Bl https://www.tainstruments.com/wp-content/uploads/T AM-AIR-brochure.pdf
6 https://issuu.com/symcel/docs/calscreener_- microbiology applicat

) http://downloads.calmetrix.com/Specs/BioCal2Specs.pdf
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)calorimeters cover a more extensive temperature range, which challenges the requirements for the
temperature control system and increases production costs. The extensive temperature range offers
applications on biological systems and a wide range of applications from chemistry to physics that can
also be investigated.

At the moment, the TAM series (TAM IIlI, TAM 48 and TAM Air) from TA instruments

(www.tainstruments.com) are the most frequently used microcalorimeters for bacterial detection > 3>

112-113

. The advanced temperature control system significantly facilitates susceptible heat flow meas-
urements, which allow early detection of bacterial contaminations. In addition, the multichannel
TAM 48 enables a high throughput of 48 simultaneously measured samples. Unfortunately, only small
vessels can be employed (except for the TAM Air), which may not fulfil the criteria for a quantitative
enumeration of colonies on solid medium afterwards. Nevertheless, all of these excellent specifica-
tions leads to a versatile but quite expensive instrument, which is kind of overqualified for a mi-
cro(bio-)calorimeter that is routinely used in the context of microbiological analysis. However, the
TAM Air more closely meets the criteria for a micro(bio-)calorimeter, except for the extensive tem-
perature range and the low number of channels in the 125-mL configuration. The same applies to the

BioCal 2000/4000 (www.calmetrix.com/).

With the CalScreener, Symcel presents an entirely different approach to tackle issues in
micro(bio-)-calorimetry. The narrow temperature range and the different sample vessels are a novelty
for commercial micro(bio-)calorimeters. A commercially available 48-well microtiter plate can be
inserted ">, Experiments with microorganisms can be carried out in sterile, transparent plastic inserts
to make microscopic follow-up analysis possible '™ 7. However, the equipped 48-well microtiter
plates are not suitable for conventional microbiological analysis.

Unfortunately, no existing micro(bio-)calorimeter fulfils the criteria to detect as fast as possible bacte-
rial contaminations, further allows a subsequent enumeration as CFU/mL within the same measure-
ment and has a sufficient number of measuring channels. In order to fill this gap, an early-stage engi-

neered micro(bio-)calorimetric test system was developed in this thesis (section 3.2).
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3. Experimental part

3.1 Systematic investigation of a culture-based microcalorimetric approach
for the detection of bacteria

3.1.1 Rapid Calorimetric Detection of Bacterial Contamination: Influence of the Culti-
vation Technique

Fricke C, Harms H, Maskow T. (2019):

Rapid Calorimetric Detection of Bacterial Contamination: Influence of the Cultivation Technique
Front. Microbiol. 10 (2530), 1-12.

https://doi.org/10.3389/fmicb.2019.02530 (published, Methods article)

Significance: Bacterial contamination in various products can always pose a health risk. A prerequi-
site for early calorimetric detection is to facilitate bacterial growth in static ampoule systems. There-
fore, this publication is the first comprehensive and systematic study on conventional microbiological
techniques (on solid and in liquid medium) in connection with microcalorimetric detection of bacteria.
Lactobacillus plantarum DSM 20205 was selected as a model strain to investigate the influence of
cultivation techniques (growth in liquid, growth on/in solid, growth on a membrane filter placed on
solid medium) on the calorimetric detection time in static ampoule systems. Detection times obtained
from visual inspection of colony formation (count plates) and automated turbidity measurements
(ODgo) were compared with those from heat flow measurements. The data demonstrated that all culti-
vation techniques could be successfully applied to microcalorimetry and showed a substantial reduc-

tion in detection time strictly related to the initial concentration of bacteria.
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Rapid Calorimetric Detection of
Bacterial Contamination: Influence of
the Cultivation Technique

Christian Fricke, Hauke Harms and Thomas Maskow*

Department of Environmental Microbiology, Helmholtz Centre for Environmental Research — UFZ, Leipzig, Germany

Modern isothermal microcalorimeters (IMC) are able to detect the metabolic heat
of bacteria with an accuracy sufficient to recognize even the smallest traces of
bacterial contamination of water, food, and medical samples. The modern IMC
techniques are often superior to conventional detection methods in terms of the
detection time, reliability, labor, and technical effort. What is missing is a systematic
analysis of the influence of the cultivation conditions on calorimetric detection.
For the acceptance of IMC techniques, it is advantageous if already standardized
cultivation techniques can be combined with calorimetry. Here we performed such a
systematic analysis using Lactobacillus plantarum as a model bacterium. Independent
of the cultivation techniques, IMC detections were much faster for high bacterial
concentrations (> 102 CFU-mL~ 1) than visual detections. At low bacterial concentrations
(<102 CFU-mL~"), detection times were approximately the same. Our data demonstrate
that all kinds of traditional cultivation techniques like growth on agar (GOA) or in agar
(GIA), in liquid media (GL) or on agar after enrichment via membrane filtration (GF) can
be combined with IMC. The order of the detection times was GF < GIA ~ GL ~ GOA.
The observed linear relationship between the calorimetric detection times and the initial
bacterial concentrations can be used to quantify the bacterial contamination. Further
investigations regarding the correlation between the filling level (in mm) of the calorimetric
vessel and the specific maximum heat flow (in wW-g—1) illustrated two completely
different results for liquid and solid media. Due to the better availability of substrates and
the homogeneous distribution of bacteria growing in a liquid medium, the volume-related
maximum heat flow was independent on the filling level of the calorimetric vessels.
However, in a solid medium, the volume-related maximum heat flow approached a
threshold and achieved a maximum at low filing levels. This fundamentally different
behavior can be explained by the spatial limitation of the growth of bacterial colonies
and the reduced substrate supply due to diffusion.

Keywords: bacterial contamination, calorimetric detection, cultivation techniques, isothermal microcalorimetry,
Lactobacillus plantarum, real-time monitoring

INTRODUCTION

The fast and reliable detection of microbial contamination in food (Wadso and Galindo, 2009;
Velusamy et al., 2010; Khalef et al.,, 2016), water (Maskow et al., 2012) and pharmaceuticals
(Buckton et al, 1991; Vine and Bishop, 2005) is necessary to prevent disease outbreaks as
well as to ensure high quality, safety, and purity of these products. At the moment, the gold
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standard for the detection of microbial contaminations is a
visual inspection of colony growth in case of solid media
or of turbidity in case of liquid media or after standardized
cultivation on selective solid media. Colony-forming units
(CFU) per mL sample are counted for quantification of the
contamination. The basic assumption is that one colony is
formed per bacterium in the sample. Since about 10° bacteria
are necessary to form a colony visible to the human eye
(Maskow et al., 2012), extended incubation is required depending
on the specific growth rate pmax of the microorganism. For
instance, the standard specification prescribes 48 h incubation
for the detection of Pseudomonas aeruginosa (ISO 16266:2006):
(Jami Al-Ahmadi and Zahmatkesh Roodsari, 2016), 96-120 h
for Salmonella (ISO 6579-1:2017): (Jay et al., 2005), and
120-144 h for Listeria (ISO 11290-1:2017) (Donoso et al.,
2017). The great advantage over more sophisticated, molecular
biological techniques like quantitative polymerase chain reaction
(qPCR) combined with fluorescence detection or microscopic
monitoring of selectively labeling probes is the simple handling
and interpretation of results (Sieuwerts et al., 2008; Hazan et al.,
2012). Biosensors represent another large class of detection
methods for bacteria (Wang and Salazar, 2016). For instance,
conductometric measurements provide rapid and easy handling
detection of bacteria (Velusamy et al., 2010). The problem
of non-specificity is overcome by selective antibodies but the
sample matrix has a more significant influence since interfering
quantities can play an important role (Law et al., 2015).

Many detection protocols include the enrichment of the
bacteria using membrane filtration processes and subsequent
placing the membrane filter onto a selective solid medium (ISO
7704:1985) to ensure that sufficient bacteria form colonies (Taylor
et al., 1953; Tsuneishi and Goetz, 1958). Another modification
is selective chemical pre-treatment of the sample like, e.g., the
acidic treatment for the detection of Legionella (Bopp et al,
1981) serving to reduce the growth of unwanted, interfering
microorganisms (ISO 11731:2017).

As an alternative to growth on solid media, it is also possible
to detect bacterial contamination upon cultivation in (selective)
liquid media. Here, mostly optical turbidity measurement is
used to quantify the growth of the contaminant (Koch, 1970).
Obviously, inherently turbid samples cannot be measured by this
method. In addition, turbidity can be affected by dead cells, by-
products of microbial activity such as polymers (Clais et al., 2015)
or by precipitation.

We propose to monitor growth calorimetrically in order
to achieve faster, more reliable, on-line detection that can be
combined with different common cultivation techniques. High-
performance isothermal microcalorimeters (IMC) are able to
quantify tiny amounts of heat in the range from a few nano-
up to microwatts (Braissant et al, 2010a). IMC can thus
be applied as a real-time detector for a variety of microbial
contaminants because all living microorganisms dissipate parts
of the Gibbs energy of the substrates they assimilated in the
form of heat (Gram and Sogaard, 1985; Wadso, 1995; Von
Stockar and Liu, 1999; Trampuz et al.,, 2007a; Maskow et al,,
2012). The application of IMC for the quantification of microbial
contamination by various species is already described in the
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literature (Levin, 1977; Xie et al., 1995; Trampuz et al., 2007a,b;
Braissant et al., 2010b; Bonkat et al., 2011; Ren et al., 2012; Gysin
etal,, 2018). Interestingly, almost exclusively liquid cultures were
used for the quantification of the different bacteria in samples
from different origins. The application of calorimetry to bacteria
grown on solid agar media was only described by Braissant
et al. (2010b) for the bacterial quantification of Mycobacterium
tuberculosis. The application of membrane filtration for bacterial
quantification using IMC has to our knowledge not yet been
described. However, qualitative IMC monitoring of the growth
of mycobacteria on nylon filters (Solokhina et al., 2017), as well
as the qualitative sterility testing of membrane filters (Brueckner
et al, 2017) and experiments with three different species on
pure titanium disks placed on solid media (Astasov-Frauenhoffer
et al., 2012, 2014) could be considered as preparatory work
in that direction.

Although IMC is known as a non-specific detection method,
an appropriate sample preparation (e.g., chemical treatment)
and selective culture media can be used to allow only the
growth of microorganisms of concern, whereas accompanying
microbial community is suppressed (Bujalance et al., 2006;
Vesela et al., 2019).

Our study aims at the systematic investigation of the
combination of common cultivation techniques with
calorimetric monitoring, using Lactobacillus plantarum as
a model strain for anaerobic systems, for its potential to
identify microbial contaminations faster and more reliably.
Empbhasis is put on the influence of the cultivation techniques on
calorimetric monitoring.

MATERIALS AND METHODS

Bacterial Strain, Medium, and Cultivation
Lactobacillus plantarum DSM 20205 (German Collection of
Microorganisms and Cell Cultures, DSMZ, Braunschweig,
Germany) was used for the calorimetric investigations. The
strain was cultivated on MRS (DE MAN, ROGOSA, SHARPE)
medium, which is composed of (in g-L’l): glucose (20),
peptone (10), meat extract (10), yeast extract (5), K;HPO4 (2),
NaCH3COO-3 H,O (5), (NH4),HC3H5(COO)3 (2), MgSO4-7
H,0 (0.2), MnSOy4-4 H,O (0.05) as well as 1 mL-L~! Tween
80. Agar (1.5%) was used to solidify the medium. The final
pH value was set to 5.7-6.2 by HySO4 (¢ = 1 mol-L™!). One
colony of a pre-grown Petri dish was used for the liquid pre-
cultures of L. plantarum, which were incubated overnight at
30.0 £ 0.2°C (Unihood 650, UniEquip, Leipzig, Germany). Cells
were harvested immediately before the calorimetric experiments.
The identity of the species was regularly checked by the
morphology of the colonies and once by 16S ribosomal
DNA analysis.

IMC Measurement

The calorimetric measurements were performed in 4-mL
glass ampoules in a high-performance IMC (Thermal Activity
Monitor III, TA Instruments, New Castle, United States). The
ampoules and caps were autoclaved at 121°C for 40 min
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and then filled with a defined volume of media. In the
case of solid media, the ampoules were filled with warm
(~70°C), molten MRS-agar medium, closed and stored at
4°C. The prepared glass ampoules containing the solid media
were cooled down to room temperature before the bacteria
were added. After adding the bacteria, the glass ampoules
were set into a pre-heating position (to reach thermal
equilibrium) for 15 min. In the last preparation step, the glass
ampoules were pushed into the measuring position and after
further 45 min (to reach thermal equilibrium), the heat flow
signal was recorded.

The calibration of the TAM III was performed by an electric
gain calibration (Joule heating) after certain time intervals to
ensure precise measurements. The gain calibration consisted
of two steps. First, a stable signal in each measuring channel
was awaited (slope of the signal < 250 nW-h~1). Second, a
single pulse of 1 mW was generated for 30 s by an inbuilt
electrical calibration heater. The gain and offset were calculated
as a result of the instrument response. All measurements were
performed at 37.0 &= 0.0001°C. The obtained data were analyzed
using OriginPro 2018. In all cases, where the high criteria for
signal stability could not be met, a linear baseline correction was
performed (see Supplementary Material).

Sample Preparation
An overnight pre-culture of L. plantarum was diluted to an
ODggo ~ 0.15-0.20 (U-2900 Spectrophotometer, Hitachi, Tokyo,
Japan) and this solution was diluted in series (dilution factors:
fa=10%-108). Four different test series were performed: (i) GOA,
(ii) GL, (iii) GF (Supplementary Material) and (iv) GIA. All
concentration-dependent experiments were performed in 200 uL
MRS-medium. As an exception, the GIA experiments were
performed in 1000 pL MRS-medium. In order to determine the
reproducibility of these experiments at varied cell concentrations,
triple measurements of the respective test series were conducted.

For GOA, 10 pwL of each dilution were added onto the
agar surface. For GL, also 10 pL of each dilution was added
to the broth. For GF, 1.8 mL of each dilution was filtrated
and the sealed adapters, as well as the membrane filters, were
purged with 400 wL MRS media. The used sealed adapters
were made to measure and fit for a standard membrane
filtration system (Sartorius AG, Gottingen, Germany). In these
experiments, sterile membrane filters (pore size 0.45 um,
Cellulose nitrate, Sartorius AG, Gottingen, Germany) were
prepared for subsequent membrane filtration under sterile
conditions using an autoclaved punch with a diameter of 10 mm
(Locheisen-Satz, BGS Technic KG, Wermelskirchen, Germany).
For GIA, 10 LL of each dilution was added to molten MRS-agar
(45-50°C) and carefully mixed. The homogenization succeded at
these relatively low operating temperatures by using a low agar
concentration of 1.5 (w/w)%. In addition to the concentration-
dependent measurements, the dependency on the filling level
in the ampoules (n = 2) and the reproducibility at a constant
concentration (n = 5) were investigated. However, sample
preparation remained the same in all cases.

Schematically, the individual sample preparation steps, as well
as the cultivation, are summarized in Figure 1.
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In order to quantify the initial concentration of bacteria,
the colony-forming units (CFUs) per mL of each dilution step
were determined in separate experiments (see Supplementary
Material). For this purpose, each dilution step was plated in
replicates on agar and incubated overnight at 37.0 & 0.25°C
(New Brunswick Innova 44, Eppendorf, Hamburg, Germany).
In addition, the time required for a bacterial cell to form a
visible colony was determined. After the first 11 h, the plates
were hourly monitored and the colonies were counted after
they became visible to the naked eye. To confirm this kind
of experiments, a second experiment was performed by a fully
automated monitoring process for all dilution stages under the
same conditions. Every 10 min the agar plates were scanned
and the resulting pictures saved as a jpg file. Subsequently, these
files were evaluated. The same procedure was repeated with the
growth of colonies on membrane filters. A short summary of
these experiments is given in the Supplementary Material.

The reference measurements in liquid media (n = 9) were
performed by monitoring the optical density in a 96-well
plate by a photometer (Victor X3, PerkinElmer, Waltham, MA,
United States) at 600 nm and 37.0 &+ 0.1°C.

RESULTS AND DISCUSSION

Theoretical Background

Establishing the relation between the earliest thermal detection
time t4et and the concentration of bacteria N e considered
as critical requires a thermokinetic model that is as simple as
possible. The simplest assumption is that each bacterium has the
same heat production rate (Eq. 1) and that the growth dynamic
of the bacterial population can be described by the Malthusian
(Eq. 2) (Chang-Li et al., 1988).

@) =N(1) - ¢o (1)

N (t) = No - exp (Umax - 1) ()

@(t) (in W) and N(¢) (in cells per L) are the heat production rate
and the number of bacteria at time #, @ is the thermal output of
a single bacterial cell (in W per Cell). Typical values for bacteria
(in the region of a few pW) in their dependency on growth
conditions can be found for instance in Maskow et al. (2011), Ny
is the initial concentration of bacteria and pmax (in h™1) is the
maximum specific growth rate. The earliest detection time of
bacterial contamination obviously depends on the precision of
the employed IMC. For instance, a heat flow precision of @ =
2:1077 W is described for the TAM III'. In reality, however, this
thermal detection limit is seldom achieved due to thermal
disturbances when the ampoule is inserted, traces of moisture on
the outer shell of the glass ampoule, parasitic heat flows, etc.
Assuming a detection threshold of @y = 2-107° W, the
metabolically caused heat signal can be unambiguously
differentiated from the noise of the microcalorimeter (Braissant
et al., 2010b). Thus, it is now possible by combining Eqs. 1 and 2
to establish a simple linear
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FIGURE 1 | Schematic summary of the methodology. (A) Cultivation and sample preparation. (B) Concentration-dependent measurements of GIA, GOA, GL, and
GF. (C) Fill level-dependent measurements of GOA and GL. (D) Reproducibility of measurements of GOA, GL, and GF.

correlation between the detection time f4.; and the natural
logarithm of the initial bacterial concentration Ny (Eq. 3).

InNo = —ftmax - tdect. +1n (ﬁbdiect) (3)

Po

The equation shows the two crucial adjustment screws for
reducing the detection time (increasing the initial number of
bacteria or reducing the detection limit of the calorimeter
used). One might argue that the assumption of a cell-
specific heat production rate is too unrealistic. However,
if we drop this assumption and postulate more realistic
that @y depends on the growth rate, we come to a very
similar correlation as before (Eq. 4) (Maskow et al, 2012).

) @)

Here, ArHx and Cc stand for the enthalpy change of
growth reaction related to the formation of one C-mole
biomass and the mean carbon content of a single bacterium,
respectively. Independent of the applied equation, a linear
relationship between initial concentrations of the bacteria

¢dect.

In Ng= — - tgect. + In (—
0 Mmax * dect. fimax - Ap Hx - C.
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and the detection time f4.c¢. With fmax as the slope is expected.
With the aid of this relation, we can read off the corresponding
detection time for any measured heat flow signal of a pure
culture of L. plantarum and determine the associated initial
concentration of bacteria. The final assumption needed for the
practical application of this kind of quantification for microbial
contamination is a constant specific growth rate jtmax during the
considered detection times. These conditions are fulfilled when
sufficient substrates are available and the bacteria are in the early
exponential growth phase.

IMC Measurements of the Different
Cultivation Techniques

In the following, the application of the different cultivation
techniques to IMC monitoring is described.

Growth on Agar (GOA)

The results of the cultivation of L. plantarum on agar are
summarized in Figure 2. L. plantarum can only ferment
the substrate glucose, so we do not expect a complex heat

November 2019 | Volume 10 | Article 2530

49


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Systematic investigation of a culture-based microcal orimetric approach for the detection of bacteria

Fricke et al.

Faster Microbial Detection by Microcalorimetry

FIGURE 2 | Summary of the IMC experiments performed on MRS-agar (GOA). (A) Dependency of the heat traces on the initial bacterial concentration. (B) Detail
magnification of the heat signal near the quantification limit, the dotted line represents the postulated threshold value @gect. = 2 wW. (C) Dependency of the detection
time on the initial bacterial concentration. (D) Specific maximum heat flow as a function of the filling level of the calorimetric vessel.

flow signal as a result. The heat flow signals confirmed
this expectation; only a single peak is observed in all
measurements. After reaching a maximum the heat flow
signal returned to the baseline. With decreasing initial
concentration of the bacteria, the heat flow signal shifted as
predicted by Eqgs. 3 and 4 to later time (Figure 2A). Similar
observations were also made by Braissant et al. (2010b)
with the detection of mycobacteria. The threshold value for
the corresponding detection time was as mentioned set to
Dgect. =2 WW (Figure 2B).

Considering Eqs. 3 and 4 any other threshold value within
the exponential growth phase should be resulting in the linearity
of the logarithm of the initial bacterial concentration. This
was already illustrated using heat flow curves of Escherichia
coli (Maskow et al., 2012). Also in the present case, we
obtained a linear relationship when plotting the detection
times against the logarithms of the initial concentrations of
bacteria (Figure 2C).

The results of CFU determinations are given in the
Supplementary Material. For the highest concentration of
bacteria, the detection took place after approximately 8 h and for
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the lowest concentration after approximately 17 h. Derived from
the slope microbiological information like the specific growth
rate [lmax Was obtained. Table 1 summarize calorimetrically
determined growth parameters and compare the calorimetric
detection times of the different cultivation techniques.

TABLE 1 | Summary of the results with different cultivation techniques combined
with IMC experiments.

Cultivation "4 Ilvmax/h_1 tdect,high/h tdec!,low/h
technique (inoculum)/mL

GOA 0.01 (0.34 £ 0.09) 8.3 16.8°
GL 0.01 (0.37 £ 0.01) 8.5 16.5°
GF 1.8 (0.33 £0.02) 4.7 15.9¢
GIA 0.01 (0.40 £ 0.09) 8.9 13.64
Reference n.d. (0.40 £+ 0.03)2 n.d. n.d.
(Wegkamp

etal., 2010)

L. plantarum WCFS1 growth on MRS-medium in 96-wells microtiter plates at
37°C; P10° CFU-mL~"; 10 CFU-mL="; 910% CFU-mL~".
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FIGURE 3 | Summary of the IMC experiments performed in MRS-broth (GL). (A) Dependency of the heat traces on the initial bacterial concentration. (B) Detail
magnification of the heat signal near the quantification limit, the dotted line represents the postulated threshold value @gect. = 2 wW. (C) Dependency of the detection
time on the initial bacterial concentration. (D) Specific maximum heat flow as a function of the filling level of the calorimetric vessel.

If only cheaper and less accurate calorimeters are available, the
loss of accuracy can be compensated by a larger filling level of the
calorimetric vessel. However, the correlation between the filling
level (in mm) and the corresponding metabolic heat flow must
be known. Interestingly, the specific maximum heat flow signals
(in wW-g~1) versus the filling level of the calorimetric vessel is
approaching asymptotically a border value (Figure 2D). Small
amounts of solid nutrient medium with a low filling level show
a comparatively larger specific maximum heat flow. However,
if the filling level increases, the specific maximum heat flow
decreases and reaches a constant value of about 30 wW-g~ 1. This
behavior seems to be independent of the applied calorimeter,
because the red measuring point (Figure 2D), determined by
a less powerful calorimeter (MC-Cal/100 P, C3 Prozess- und
Analysetechnik GmbH, Munich, Germany) fits perfectly into the
correlation determined with the high-performance calorimeter.

The asymptotic limit value approach during GOA-filled
ampoules can be explained as follow. The maximum heat
production is determined by the number of bacteria and their
access to the substrate. The substrates are supplied by diffusion.

Frontiers in Microbiology | www.frontiersin.org

At low fill levels, the diffusion paths are short and the number of
bacteria produced depends on the absolute amount of substrate.
At high fill levels, the maximum number of bacteria is limited
by the surface of the agar and the delivery rates of the substrate
are slow due to the long diffusion path. An improved surface to
filling volume ratio and thereby a shorter diffusion pathway can
be achieved by using slanted agar (Braissant et al., 2010b).

This GOA cultivation technique is preferably suitable for
aerobic mesophiles as well as aerotolerant microorganisms such
as our model strain. The method is also applicable to strict
anaerobic microorganisms if oxygen is excluded during both
preparation and the conduction of the experiments. This can be
achieved by purging with an inert gas (e.g., N») (Maskow and
Babel, 2003) or by overcoating of the culture with paraffin oil as
described by Xu et al. (2018).

Growth in Liquid (GL)

The usual IMC approach is the cultivation in liquid medium
(broth) (Boling et al,, 1973; Trampuz et al., 2007b; Maskow
et al, 2012; Braissant et al, 2015; Miyake et al., 2016;
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FIGURE 4 | Summary of the results of the cultivation of membrane filters onto MRS-agar performed by IMC experiments (GF). (A) Dependency of the heat traces on
the initial bacterial concentration. (B) Detail magnification of the heat signal near the quantification limit, the dotted line represents the postulated threshold value
Dyect. = 2 LW. (C) Dependency of the detection time on the initial bacterial concentration.

Dandé et al., 2018). The results with the liquid medium are
summarized in Figure 3.

The shape of the heat flow signals is similar to that of the solid
medium (Figure 3A). However, the standard deviation of the
detection time is slightly smaller than for measurements on solid
agar (Figure 3C). One reason might be the better homogeneity of
bacteria and substrate in the liquid medium.

The detection times were between 8 h (for the highest
concentration of bacteria) and 18.5 h (for the lowest
concentration) using liquid media (Figure 3C). Garcia et al.
(2017) were also able to find similar detection times for the
microcalorimetric investigation of Lactobacillus reuteri. The
lowest concentration (10 CFU-mL~!) was only detectable once
of three measurements. At a concentration of 10 bacteria per
mL, the usual inoculum of 10 wL contains statistically only one
of a tenth of a bacterium. A comparison with the literature data
shows that the specific growth rate (0.40 4- 0.03 h=!) (Wegkamp
et al., 2010) measured for L. plantarum WCFS1 is very similar
compared to our specific growth rate (0.37 & 0.01 h™!). The
obtained microbiological information from this experiment is
summarized in Table 1.
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In contrast to experiments on solid medium, the specific
maximum heat flow is constant and independent of the
filling volume (Figure 3D). This finding is confirmed by a
further experiment using a less sensitive calorimeter (MC-
Cal/100 P, C3 Prozess- und Analysetechnik GmbH, Munich,
Germany) with different geometry of the calorimetric vessel
and a filling volume of 10 mL (see the red measuring point
in Figure 3D). Gysin et al. (2018) observed similar behavior
for their sample volume optimization in the range from
0.25 to 2 mL. This is explainable because in liquid culture,
the bacteria and the substrates are mainly homogeneously
distributed and effects of the vessel size, therefore should
not play a role.

Growth on Membrane Filter Onto Agar (GF)

Figure 4 summarizes the results of the cultivation of membrane
filter onto MRS-agar. The heat flow signals again follow a simple
peak curve. However, the peak width is much wider than in
the previous measurements. Due to the larger sample volume,
which can be applied due to the membrane filtration step, the
initial bacterial concentration is much higher than with the other
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FIGURE 5 | (A) Heat flow measurements of GL (green dotted), GOA (blue dashed), GIA (orange), and GAA (red). All experiments were performed in 2000 pL
medium using an initial bacterial concentration of 103 CFU-mL~". (B) Dependency of the heat traces on the initial bacterial concentration for GIA experiments.
(C) Photographs of different cultivation techniques with solid media: (a) GOA, (b) GIA, (c) GAA, (d) GIA of inocula with densities that decrease from left to right.

(D) Dependency of the detection on the initial bacterial concentration for GIA.

techniques. As a result, the detection times are even shorter
(Figures 4A,B).

As expected, the GF experiments also show a linear
dependency between the detection time and the logarithm of
the initial bacterial concentration (Figure 4C). The slightly
lower correlation can be explained by the fact that the CFUs
per mL were determined from the original samples. A better
approach might be to use the counted CFU per mL directly
from the membrane filtration since there might be differences
in the growth of single colonies between plating and growth on
membrane filters (Clark et al., 1951; Taylor et al., 1953).

Nevertheless, the specific growth rate and the doubling time
of the bacteria fit to the previous GOA experiments. The
bacterial growth is slightly slower compared to GL. For the
highest concentration of bacteria, the detection takes place
after approx. 4.5 h and for the lowest concentration after
approx. 16 h. As already mentioned, the earlier detection is
due to the larger volume (1.8 mL), which was filtered in these
experiments. Measurements depending on the filling level of the
calorimetric vessels were not performed due to the similarity to
GOA experiments.

Frontiers in Microbiology | www.frontiersin.org

Growth in Agar (GIA)

In addition to the classical spreading (or plating) of bacteria,
there is another approach: the so-called pour plate method
(GIA). It is the prefered technique for counting CFUs per mL
of bacteria in viscous fluids (Vansoestbergen and Lee, 1969). For
IMC measurements it might also be the prefered technique for
strict anaerobic as well as for microaerophilic microorganisms (if
strong anaerobic conditions were not met). Figure 5 shows that
GIA can be also combined with calorimetric monitoring.

Figure 5A compares the different cultivation techniques.
Note, that in the case of GIA an inoculum volume of 100 WL
was used. The mixing of inocula with the medium allows the
using of larger sample size with a higher number of initial
bacteria and thus a shorter detection time in comparison to
the GOA approach.

Furthermore, with GIA higher heat flow signals in comparison
of GOA can be observed, because the colonies are evenly
distributed in three dimensions instead of being restricted to a
surface (2D). Therefore, substrate availability is better for GIA.
The homogeneous 3D-distribution can be seen in Figure 5C. In
order to understand the observed effect better, we investigated a
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TABLE 2 | Comparison of the detection times (in h) determined by conventional techniques and IMC measurements.

Measuring technique 10° CFU-mL~1 10* CFU-mL~1 10° CFU-mL~! 102 CFU-mL~! 10! CFU-mL~1
IMC - GOA (8.3+0.3) (11.5+0.3) (14.4 £0.3) (16.8 £ 0.3) nd.

IMC - GL (8.5+0.2) (11.3 £ 0.4) (13.7 £ 0.1) (16.5+ 0.3) 18.69

IMC — GF 4.7 +2.0) (5.8 +1.6) (10.2 + 0.3) (12.8 + 1.1) (15.9 + 1.5)
Counting — GOA tgegt 2/h 13.7 13.7 15.7 15.7 17.7

taect 2/N (15.8 + 0.4) (16.7 £ 0.6) (17.0 £ 0.6) (17.1£05) n.d.
ODgoo - GL® (13.1 + 0.4) (18.5+ 1.3) (24.3 + 2.0) (25.6 + 3.1) n.d.
Counting — GFP 11 12 15 17 18

n.d., Not detectable. @Detection time after colonies were countable by the eye — evaluation in real-time; Detection time after colonies were countable by the eye —
evaluation of the scanning images; “Only four of nine measurements could be evaluated; 9Less than three replicate heat flow signals were obtained, no standard

deviation is indicated.

FIGURE 6 | Heat flow signals from L. plantarum on MRS-agar under identical
conditions (cg = 10* CFU-mL~ ). The insert provides a magnification of the
beginning of the signal which is important for the determination of the
detection time.

case between GIA and GOA. The bacteria were placed between
two agar layers (GAA). The availability of the substrates should
therefore also be better than in the case of GOA. The red heat
flow curves in Figure 5A illustrates that due to the better substrate

TABLE 3 | Summary of the reproducibility measurements of the different
cultivation techniques combined with IMC measurments.

Cultivation technique m (medium)/g co/CFU-mL~" tgect./h
GOA

1 0.2 104 (10.2 £0.3)
2 0.4 108 7.5+ 1.1)
GL

1 2 107 (3.6 £ 0.4)
2 2 107 (3.8 +0.6)
GF

1 0.4 10° (5.040.7)
o2 2 10° (4.1 +0.4)
aSixfold determination.
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availability, the maximum heat flow is approx. twice as large
as in GOA and half of that in GIA. The observations are very
consistent with the IMC measurements of Kabanova et al. (2012,
2013). Figures 5B,C show the influence of the number on initial
bacteria on the heat flow signal. In the case of a smaller initial
number of bacteria, larger colonies were formed and the total
heat flow was lower than for many bacteria (Figure 5B). At small
bacterial concentrations, only one experiment was successful (red
square, Figure 5D). We identified two potential reasons. Firstly,
the inoculum volume (10 wL) might not have contained any
bacterial cells. Secondly, the increased temperature of the still
molten agar (~50°C) might have killed part of the initial bacteria.

A comparison of the specific growth rates revealed that the
growth rate of the bacteria did not depend on the physical state
of the medium and the localization of the inoculum. Kabanova
came to the same conclusion when they investigated Lactococcus
lactis (Kabanova et al., 2013). The reason for this is that glucose
has a similar diffusion coeflicient in water as in solid agar medium
(Schantz and Laufter, 1962).

Comparison With Conventional

Techniques

A decisive question is what advantages (in terms of economy
of time and accuracy) over conventional methods the IMC can
achieve. In Table 2, IMC is compared with traditional counting
and real-time measurement of the optical density.

If one first considers the high initial concentration
(>10? CFU-mL™!), the great advantage of the IMC measurement
over the visual counting of individual colonies and monitoring of
the optical density becomes apparent. The exact determination of
such a high concentration as CFU is error-prone even with small
inoculum volumes such as 10 L L because the colonies cannot be
clearly separated (an intermediate dilution is necessary). In the
case of IMC, every bacteria contributes to the heat and, therefore,
high bacteria concentrations do not falsify the measurement
results. In addition, bacterial growth can be detected 5-7 h
earlier by IMC in comparison to counting. On the other hand,
low initial bacterial concentrations might also error-prone if one
considers cell aggregation, is taking place. Just like a single cell, a
cell aggregate delivers only one colony.

Comparing the IMC with the measurement of the optical
density in a liquid medium (detection threshold value at
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600 nm = 0.01) always an earlier detection (5-9 h) was possible.
At low initial bacterial concentrations (<10> CFU-mL™1), the
IMC measurements on solid media were not significantly faster
than the classical visual counting of colonies. For the liquid
media, in all three measurements, no increase in the optical
density was observed for the lowest initial concentration. As
already discussed, the existing inoculum volume (10 iL) is too
small to ensure the presence of bacteria (see Supplementary
Material). It has been proven that the detection time could be
greatly reduced by using GF. Here, the detection time for the
smallest concentration could be reduced by almost 2 h.

Reproducibility

In order to determine the reproducibility of IMC measurements,
five-fold determinations were performed with an identical initial
concentration of bacteria for each cultivation technique (except
pouring). Figure 6 represents an example of a GOA measurement
(for the other measurements see Supplementary Material).
Table 3 summarizes the results of these measurements. The error
of the detection was roughly similar for GOA, GL and GF. Taking
into account the results from Tables 2, 3, it is not surprising that
the errors for the filtration technique (GF) were generally slightly
higher, because of the difficult handling of the very small filters
(r =5mm). Not every filter could be placed evenly and identically
within the measuring ampoule on the nutrient medium. The
error caused by the imperfect placement of the membrane filters
can potentially be overcome by designing calorimeters that allow
the use of standard filters (47 mm).

Relative errors in the calorimetric detection time in the same
order as for our results were obtained by Bonkat et al. (2013) for
bacteria infecting the urinal tract and by Zaharia et al. (2013) for
E. coli and Staphylococcus aureus.

CONCLUSION

Our data demonstrate that conventional cultivation techniques
like pouring (GIA) or plating on agar (GOA), inoculation
of broth (GL) or membrane filter cultivation (GF) can be
combined with IMC measurements. The great advantage of
this technique is the preservation of simplified sample handling
and easy evaluation of the data obtained. Only the detector
is replaced, i.e., the human eye by a powerful thermoelectric
element. In addition, these IMC measurements are non-invasive
and non-destructive (Russel et al., 2009; Brueckner et al., 2016).
Because the calorimetric experiment measures bacterial growth,
an enrichment culture is available after the experiment that can
be used for further molecular biological investigations.

It was shown in the case of E. coli that the detection
time in a liquid medium measured by IMC is considerably
faster than visual colony counting (Maskow et al., 2012). In
order to verify the results, we compared for the first time
IMC measurements on solid medium with classical visual
colony counting and IMC measurements in liquid medium
with classical ODggg measurements. We were able to reduce
the detection time for both approaches and we were also
able to show that enrichment by membrane filtration, in
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particular, enables a much faster detection time with IMC.
When counting the colonies visually, it must be taken into
account that further hours elapse before the colony is fully
formed and optical identification is possible by morphological
properties of the colony. This assumption could be confirmed
by the real-time scanning of colony growth (see Supplementary
Material). Furthermore, IMC measurements can be used to
measure turbid starting solutions and a shaking of the sample is
also not necessary.

We were also able to show that in the context of the anaerobic
system investigated in this study, the quantity of substrate and
the resulting fill level has an influence on the maximum heat
flow. GL is preferable to GOA when less sensitive calorimeters are
used for the detection of anaerobic microorganisms. However,
it has been shown that solid media can also be used for
quantification using GIA.

Using selective media, it might be possible to isolate targeted
microorganisms from their natural environment and detect them
quickly and reliably using IMC (Atlas, 2010). Furthermore,
continuous success in the development of selective media for
different species in microbiology can be recognized (Bujalance
et al., 2006; Nwamaioha and Ibrahim, 2018; Vesela et al., 2019).
The exchange of substrates, as well as the addition of antibiotics,
enable in some cases the use of a highly selective media
and suppressed the growth of accompanying microorganisms.
Additionally, the pre-treatment of the sample with chemical
treatment like in case of Legionella might also suppress the
accompanying flora (Bopp et al., 1981). In this way, the lack of
specificity of the IMC can potentially be overcome.

The next steps should be the development of simpler and
cheaper calorimeters specifically designed for the detection of
microbial contaminations in order to become competitive over
the conventional approaches (Wadso et al., 2011) and the
investigation of an aerobic system to determine the limitations
and applications regarding monitoring bacterial growth by IMC.

Finally, to overcome arbitrary threshold determinations
for the heat flow signals mathematical models allowing
to discriminate small biological signals from the physical
background has to be developed. In this way, a further reduction
of the detection time and of the measurement error can be
potentially achieved.
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3.1.2 How to speed up the detection of aerobic microbial contaminations by using iso-
thermal microcalorimetry

Fricke C, Harms H, Maskow T. (2020):

How to speed up the detection of aerobic microbial contaminations by using isothermal microcalorim-
etry
J. Therm. Anal. Calorim. 142, 1933—-1949.

https://doi.org/10.1007/s10973-020-09986-0 (published, Original research)

Significance: Calorimetric detection is primarily performed in small, airtight and static ampoule sys-
tems. In order to achieve the fastest possible detection of aerobically growing bacteria, it is crucial to
know the variables influencing the detectable heat flow. Within the scope of this publication, parame-
ters (including methodical and technical) and their interplay affecting the detection time of aerobic
growing contaminations were investigated using Pseudomonas putida mt-2 KT2440 as an example.
The results demonstrated that the interplay between the amount and state of medium (solid or liquid),
the contamination level (CFU per ampoule) and the applied detection limit strongly affect the calori-
metric detection time. The poor solubility of oxygen in liquid media and oxygen diffusion from the
gas to the liquid phase would lead to delayed detection, especially with less sensitive calorimeters
(detection limit > 10 pW). On solid media, the data showed that low contamination levels (< 10 CFU
per ampoule) cause a linear heat flow (diffusion-controlled growth of colonies), which also results in a

significant delay in detection if less sensitive calorimeters were employed.
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Abstract

Isothermal microcalorimetry (IMC) is regarded as a promising diagnostic tool for fast detection of bacterial contamina-
tions in various matrices. Based on a reference detection time determined by visual inspection of bacterial growth on solid
medium, we investigated the strict aerobically growing Pseudomonas putida mt-2 KT2440 in a static 4-mL ampoule system
on solid and liquid media by IMC to evaluate the three main options to reduce the detection time of bacterial contamination.
Firstly, the sample preparation (e.g. membrane filtration) leads to an elevated number of bacteria in the measuring ampoule
and thus to a reduced detection time. Secondly, the amount of substrate and oxygen has been investigated by varying the
filling volume of medium in the calorimetric ampoule. Here, we were able to show how biophysical characteristics like the
substrate and oxygen diffusion determined the shape of heat flow signals and thus the detection time. Finally, the technical
framework determines the sensitivity of the IMC instrument. We examined the impact of four different detection threshold
values (2, 10, 50 and 100 uW) on the detection time as a function of the initial number of bacteria presented in the ampoule
and the filling volume.

Keywords Aerobic system - Calorimetric detection - Isothermal microcalorimetry - Pseudomonas putida KT2440 - Real-
time monitoring

List of symbols U Voltage (V)
o Initial bacterial concentration of each dilution Vi Inoculum volume (mL)
determined by CFU counting (CFU mL™") Viediom  Filling volume of medium (mL)
Co, Concentration of the dissolved oxygen in the a Seebeek coefficient (V K1)
liquid medium (mg L) AyHp,  Oxycaloric equivalent of —455 kJ mol~!
LC Liquid cultivation £ Calibration coefficient (V W)
LOD Limit of thermal detection (W) K Specific thermal conductivity (W K1)
MF Membrane filtration u Specific growth rate (h™!)
Ny Initial number of bacteria (CFU) D et Detection threshold value (W)
nrEG Number of thermocouples )] Heat flow (W)
SC Solid cultivation ®o Cell-specific heat production rate (W)
SD Standard deviation
t Time (h)
Lgect Detection time (h) Introduction

Electronic supplementary material The online version of this In general, a calorimeter is capable of detecting the reaction
article (https://doi.org/10.1007/s10973-020-09986-0) contains heat released or taken up by any type of physical, chemi-
supplementary material, which is available to authorized users. cal or biological process in real-time [1]. This has led to
numerous applications in a wide range of fields, including
life sciences [2—6], materials science [7], biotechnology [8,
9] and medical diagnostics [10, 11]. As one of the first appli-
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guinea pigs [12]. Even the tiny heat released during bacterial
growth can be monitored using modern high-performance
calorimeters. These micro- or nanocalorimeters operate typi-
cally in isothermal mode and allow high resolutions in the
nano- to microwatt range [1].

The increase in biomass during bacterial growth proceeds
along with the formation of metabolic end products such
as water or carbon dioxide. At the molecular level, numer-
ous enzymatically controlled reactions take place that break
down energy-rich organic molecules (catabolism) or syn-
thesize biomolecules to maintain metabolism and biomass
production (anabolism) [13]. Part of the assimilated Gibbs
energy is released into the environment in the form of heat
[2, 14]. One application focus of biocalorimetry is the quali-
tative and quantitative detection of bacterial contaminations
in food [5], drinking water [15] or for sterility testing of
pharmaceuticals [16]. Current isothermal microcalorim-
eters (IMC) do not allow the detection of a single bacterial
cell, due to the low heat production rate of bacterial cells
(a few pW) [17] which overstrains the efficiency of current
heat flow sensors [18]. Detecting bacterial contaminations
is possible by monitoring the growth of the bacteria in real
time by cultivation in liquid (LC) [15, 19-22] or solid (SC)
[23-25] medium. This benefits from the exponential growth
forming substantial biomass from a single bacterial cell
within a short time [26]. In this study, we identify the fac-
tors influencing the detection time in 4-mL static ampoules
in microcalorimetric real-time monitoring using the example
of Pseudomonas putida mt-2 KT2440.

Our emphasis is on the interplay between initial bacterial
numbers, their substrate provision in LC and SC, and the
performance of the calorimeter. Detection times are com-
pared with those achieved by conventional visual detection
(i.e. the counting of colony-forming units; CFUs).

Materials and methods
Bacterial strain, medium and cultivation

Pseudomonas putida mt2-KT2440 (German Collection of
Microorganisms and Cell Cultures, DSMZ, Braunschweig,
Germany) was used for the microcalorimetric experiments.
The strain was cultivated on DSM-1 medium, recommended
by DSMZ which is composed of (in g L™!): peptone (5.0),
meat extract (3.0) and agar (15.0). The liquid pre-cultures of
P. putida were inoculated by a single colony of a pre-grown
Petri dish culture. The liquid pre-culture was incubated
overnight at room temperature. The identity of the species
was regularly checked by the morphology of the colonies
as well as by microscopy before and after the calorimetric
experiments.
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Calorimetric monitoring

The microcalorimeter TAM III (TA Instruments, New
Castle, USA) with 12-channels as well as the cement calo-
rimeter with 14-channels MC-Cal/100 P (C3 Prozess- und
Analysetechnik GmbH, Munich, Germany) and 4.2-mL glass
ampoules were used to perform the bacterial growth experi-
ments. The glass ampoules and the caps were autoclaved at
121 °C for 40 min, subsequently filled with DSM-1 medium
or DSM-1 agar and stored in the fridge. The ampoules were
warmed up to room temperature before measurements and
inoculated with bacteria. In the case of larger filling volumes
of medium, the glass ampoules were warmed up in an incu-
bator (30+0.2 °C) to ensure fast thermal equilibration of the
whole sample. The prepared ampoules were then placed into
the channels of the microcalorimeter and thermally equili-
brated for 15 min in the pre-heating position. After further
45 min for thermal equilibration in the measuring position,
the heat flow was recorded. Before the experimental set-up
was changed (e.g. for modification of filling volume), a gain
calibration was performed to ensure the precision of meas-
urements. A single pulse of 1| mW was generated in each
channel by an integrated electrical calibration heater. As a
result of the calibration, a gain factor and the offset of the
respective channel were calculated.

In the case of the cement calorimeter, an internal electri-
cal calibration was performed before the experiments were
conducted, and gain factors, as well as the offset of each
channel, were determined. Unlike the microcalorimeter,
the prepared ampoules were directly placed in the meas-
uring position. One channel was selected as reference and
contained a reference ampoule (filled with 1 mL sterile
medium). All measurements were conducted at 30.0 °C.
After the heat flow had returned to the baseline, the meas-
urements were completed and the ampoules were stored in
the refrigerator for final microscopic examination.

The final data evaluation was carried out using the Origin
2018 software. Baseline corrections followed the procedure
described by [25].

Experimental

The experiments were divided into two sets: firstly CFU
counting on solid culture as reference (Fig. 1) and secondly
monitoring bacterial growth on solid culture (SC) (Fig. 2a)
as well as in liquid culture (LC) (Fig. 2b) using IMC. In the
case of reference experiments, we performed CFU counting
experiments to investigate the influence of the initial concen-
tration of bacteria on the detection time (Fig. 1).
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Fig. 1 Experimental set-up for

Visual inspection of CFUs by solid cultivation (SC)

visual inspection (CFU count-
ing) of bacterial growth on solid
medium
Medium: DSM-1

48 h 30°C
V edium = 25 ML
medium Incubator

T=30°C
scan rate = 10 min

Scanner

Bacterial
colony

Evalution of obtained images by visual counting of colonies

initial concentration of bacteria, Cy

¢ = 105 — 101 CFU-mL-1
v;=0.1-1mL

CFU determination and CFU counting

Starting from a diluted pre-culture with an ODgg, of
approx. 0.2 a dilution series in 10-fold steps were pre-
pared. To determine the initial concentration of bacte-
ria ¢y in CFU mL~! for each dilution, conventional CFU
countings were conducted in parallel. Initial bacterial con-
centrations were ranging between 10° and 10! CFU mL~.

Common DSM-1 agar plates were inoculated with
the abovementioned concentrations (including a sterile
blank). As an exception, in one series of experiments, the
same initial bacterial concentration (10" CFU mL™") but
different inoculum volumes V;=0.01, 0.1, 0.25, 0.5 and
1 mL were used (result see S1 in Supporting Information,
SI). After inoculation, the progress of colony formation
was monitored at 10-min intervals using a scanner. The
scanner was located in a temperature-controlled incubator
(TH 30, Edmund Biihler GmbH, Bodelshause, Germany),
at 30+ 1 °C (see Fig. 1). The resulting images were saved
as jpg-files and subsequentially evaluated. For this pur-
pose, five independent observers inspected the obtained
images. The detection time was defined as the time at
which colonies were first discovered. The resulted detec-
tion time served as reference values for the IMC experi-
ments and allowed us to compare CFU counting directly
with IMC.
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Microcalorimetric experiments

The IMC experiments on solid and in liquid medium
(experimental set-up is shown in Fig. 2) were subdi-
vided into three parts: The first part dealt with the initial
number of bacteria Ny (CFU in the ampoule). Here, the
calorimetric ampoules were filled with 1 mL medium.
In the case of SC and LC, 0.01 mL of each concentra-
tion (10°~10' CFU mL™!, including a sterile blank) were
added to the medium for inoculation V; (in mL). The ini-
tial number of bacteria N, results from the initial concen-
tration ¢, and the inoculum volume V;. The experiments
were performed in triplicates. Further experiments were
performed by membrane filtration (SC and LC, n=1) as
well as a range of higher inoculum volumes (LC, n=1).
In the former, the influence of the enrichment proce-
dure was investigated and 10 mL of each concentration
(10°-10' CFU mL™', including a sterile blank) were mem-
brane filtrated and subsequently purged with 2 mL sterile
DSM-1 medium. Therefore, compatible sterile membrane
filters (pore size 0.45 um, cellulose nitrate, Sartorius
AG, Gottingen, Germany) were prepared under sterile
conditions using a punch (diameter 10 mm, Locheisen-
Satz, BGS Technic KG, Wermelskirchen, Germany). The
punched membrane filters were placed in specially made
sealed adapters which were integrable into a 100-mL

@ Springer



Experimental part

1936

(a)
Medium: DSM-1

V. =4.2mL

ampoule

T=30°C

Initial number of becteria, N,

Vinedium = 1 mL
Ny = 103 — 10° CFU
V; =10 puL

Vfiltration =10mL

(b)

Medium: DSM-1,
MMKT2440

\% =4.2mL

ampoule

T=30°C

Initial number of becteria, N,

Vmedium =1mL
N, = 103 — 100 CFU
V,=01-1mL

Vfiltration =10mL
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«Fig.2 Summary of the experimental set-up for IMC experiments
to detect bacterial growth. a In solid (SC) and b in liquid cultiva-
tion (LC). Each of the two cultivations is subdivided into two sepa-
rate experiments: an investigation of the heat flow measurements as
a function of the initial number of bacteria N, (in CFU) as well as of

the filling volume V, 4,m (in mL). Finally, the measured heat flows

are evaluated by different detection threshold values @ (in pW)

glass filtration device (diameter 25 mm, Sartorius AG,
Gottingen, Germany). Membrane filtration was performed
under low pressure. Afterwards, the membrane filters
were placed on top of the solid surface or submerged in
the liquid medium using sterile tweezers.

Experiments with varying the inoculum volume V;,
in LC were performed based on the lowest concentra-
tion (c,=10' CFU mL™"). Different volumes (V;=0.01,
0.1, 0.25, 0.5 and 1 mL) of this concentration (includ-
ing a sterile blank) were added to 1 mL DSM-1 medium
(results, see S1 in SI).

The second series of IMC experiments dealt with the
filling volume V,_4i,m Of the calorimetric ampoules. Dif-
ferent filling volumes created different initial conditions
concerning the amount of substrate and oxygen (see
Fig. 2) so that we were able to investigate the influence
on bacterial growth and consequently on the detection of
the bacteria. Amounts of oxygen in headspace and liquid
phase (see Fig. 2) were calculated based on a mass frac-
tion of oxygen in the air atmosphere of 23.14% [27] and
a concentration of dissolved oxygen in the liquid phase of
7.5 mg L' [28] at 30 °C. An inoculum volume of 0.01 mL
of the same concentration (c,=10* CFU mL™"! and includ-
ing a sterile blank) was added to ampoules which were
filled with different volumes of medium (V,.4ium =0-1,
0.5, 2, 3 and 4 mL). In the 4.2-mL ampoules, a residual
headspace was thus always present. To evaluate the prac-
tical value of the Ny- and V 4,m-dependent measured
heat flows, they were regarded in the light of different
detection threshold values (@4, =2, 10, 50 and 100 pyW).

The last series of experiments were performed in mini-
mal medium (MMKT2440) instead of DMS-1 medium
for calorimetric measurements (LC, n=2). MMKT2440
consisted of (in gL_l): (NH,),S0O, (0.5), Na,HPO, (0.6),
KH,PO, (1.4), MgCl,-H,0 (0.25), CaCl,-H,O (0.07) and
glucose (0.5). Again, 1 mL of the medium and 0.01 mL
of each concentration (10°-10' CFU mL™!, including a
sterile blank) were added to 4.2 mL glass ampoules.

In total, we thus investigated how the initial number
of bacteria N, the filling volume of the calorimetric
ampoules V .4ium> the composition of the growth medium
as well as detection threshold values @, influences the
detection of bacterial growth in a 4.2 mL static ampoule
system.
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Results and discussion

Visual detection of colonies as a function of initial
bacterial concentration

The proof of bacterial contaminations in microbiological anal-
ysis is still predominated by conventional cultivation mainly
on solid culture media [29, 30]. As our study dealt with the
detection time of aerobic bacterial growth using microcalo-
rimetry, a reference value for the detection time of P. putida
mt-2 KT2440 was determined by CFU counting by five inde-
pendent observers (see for detailed results S4 in SI). The first
appearance of colonies was defined as detection time, and
results are shown in Fig. 3. The average CFU detection time
of 13.3 +1.3 h was nearly independent of the initial concentra-
tion of bacteria, as expected. The subsequent detection times,
determined by IMC experiments, are compared and related to
this reference.

Factors influencing the detection time in IMC

In the following, we define the detection time 74, as the time
required from the insertion of the sample into the IMC instru-
ment until the metabolically determining heat flow signal
exceeds statistically significant the noise of the applied IMC.
Manufacturers of IMCs specify a limit of detection (LOD), but
in practice, however, a fixed value for the detectable heat flow
D,..; (detection threshold value) of the respective instrument
is typically defined empirically.

On this occasion, it is important to mention that our study
aims at the earliest detection of bacterial growth; thus, our
considerations are restricted to exponential growth at the
beginning of the metabolically determining heat flow. In the
following, we assume that the heat output of a growing cul-
ture starting from an initial cell number N, is determined by
the specific growth rate u (in h™") of an exponentially grow-
ing culture [26], and by a mean cell-specific heat production
rate ¢, (in W) [17, 21] (see both equations in Fig. 4). At this
point, we have to differentiate between two scenarios: (1) at
t=0, the sample already contains so many bacteria that the
actual metabolic heat production rate exceeds the detection
threshold value &(f) > @, or (2) at t=0, the sample contains
so few bacteria that the metabolic heat production is below the
detection threshold value and heat can only be detected after
exponential growth (if sufficient nutrients are available). The
heat production rate will rise a detectable heat flow at time
I=t4...- Equation (1) relates the detection time 74, (in h) and
the detectable heat flow @, (in W).

ln<¢;—:“> —1In(Ny)

ey

tdect =

u
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Fig.3 Detection times #4. as a function of the initial concentration
of bacteria ¢, obtained. The red dash line represents the average CFU
detection time. (Color figure online)

The meanings and derivation of the variables are given
in Fig. 4.

In principle, preparative, technical and biological fac-
tors of influence on the detection time can be distinguished.
These factors will be examined in the following.

Calorimetric detection time as a function of sample
preparation and inoculum size

The initial number of bacteria N, (in CFU) can be influ-
enced by sample preparation. Compared with classical CFU
counting, where the inoculum size does not affect the time

Fig.4 Factors influencing the
time needed to detect bacte-
rial contaminations by IMC

measurements c(substrate, O,)

Bacterial cell T, PH. IL, &,

N() = No - exp(u- 1)

Produced heat
flow

Cellular heat
production rate
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needed for detection of colonies (see Fig. 1 and S1 in SI),
IMC detection depends on N, according to Eq. (1). Short
detection times require high N, values which in principle
can be achieved in two ways. First, the sample volume added
for inoculation can be increased. However, this is generally
restricted by the small size of common calorimetric vessels
(typically in the range from 4 to 125 mL). In the case of LC,
inoculum volumes of > 1 mL are applicable but for SC the
upper limit even in large calorimetric vessels is approx. 1 mL
because of their relatively small cross-sectional areas. Sec-
ond, N, can be increased from a larger volume, for example
by membrane filtration (MF). The reduction of IMC detec-
tion time by MF enrichment was recently shown with bac-
teria (i.e. L. plantarum) grown anaerobically in SC [25]. In
principle, there are two common cultivation techniques (SC
and LC) which will be investigated in the following.

Solid cultivation (SC)

The initial number of bacteria (V,) dependency of heat
flow measurements obtained on solid medium is shown in
Fig. 5. All heat flow signals could be roughly divided into
five stages: 1. baseline, II. exponential (high N;) or linear
(low N,) increase in heat flow, III. maximum heat flow,
IV. decreasing heat flow and V. return to the baseline. All
heat flow signals consisted of a single peak of varied shape.
Heat flow signals were broader when N, was lower (Fig. 5a).
Comparing these measurements with literature data revealed
that other bacteria (Lactobacillus plantarum [25], Mycobac-
terium species [23] and E. coli [24]) displayed similar heat
flow pattern on solid medium.

Shape and amplitude of the heat flow signals depend on
the inocula size (i.e. initial number of bacteria). Larger N,
consumed substrate and oxygen faster; thus, the bacteria

Heat production rate

Metabolic datermined
heat production

o) =N () - ¢y

o(t) N
—Z = Np-exp(ut) Detection time

)

Growth rate

Initital bacterial
number
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Fig.5 IMC experiments performed on SC. The N, (meanz+SD) in
CFU are indicated next to the heat flow signals and based on the inoc-
ulum volume (10 uL). a Dependency of heat traces on the N,,. b Mag-

reached early the maximum specific growth rate and conse-
quently produced a larger heat flow (see Fig. 5a). This finally
results in a sharper peak. Independent of N, the average
total amount of heat released was (12.0+0.6) J. This value
was confirmed by using the oxycaloric equivalent calcu-
lated for aerobic growth (see for details chapter S3.1 in SI).
The total heat produced by oxygen-limited aerobic bacteria
should thus be in the same range irrespective of species and
inoculum size.

Following Eq. (1), the metabolically determining heat
flow signals were detected earlier when the N, was higher
(Fig. 5b). Braissant and co-workers performed bacterial
concentration-dependent IMC experiments with Mycobac-
terium tuberculosis and observed similar results [23]. For
the determination of the detection time, a detection threshold
value of 2 uW was assumed for TAM III. This is 10 times
higher than the instrument noise specified by the manufac-
turer (www.tainstrument.com). The resulting detection times
are summarized in Table 1.

Liquid cultivation (LC)

The N, dependency of heat flows measured for LC are
shown in Fig. 6. Here, six stages in all heat flow signals can
be distinguished: (1) baseline, (2) a first exponential increase
in heat flow, (3) a slight decrease (a phase being absent for
SC), (4) a second exponential increase, (5) maximum in heat

1939

(b)*
3

2

Heat flow/pW

blank

2 3 4 5 6 7 8 9 10 11 12 13 14 15
Time/h

nification of heat flow signals near the detection zone, the dotted line
representing the predefined detection threshold value of 2 yW

flow and (6) return to baseline level (Fig. 6a). This heat flow
pattern was also observed by Bonkat and co-workers for
fast-growing mycobacteria Mycobacterium smegmatis and
Mycobacterium phlei [31]. All heat flow signals had two
peaks, a small initial one with a magnitude of approx. 25 uW
followed by a large one of approx. 500 uW (500 mW L.
The first peak can be explained by the consumption of oxy-
gen dissolved in liquid medium (approx. 23.4 umol at 30 °C)
[28]. Using the oxycaloric equivalent (—455 kJ mol ™! 0,)
[32], this corresponds to a heat production of approx. 0.1 J.
This value was confirmed by integrating the heat flow curve
up to the maximum of the first peak (see chapter S3.2 in SI).

The second peak might reflect dynamics of substrate or
oxygen depletion. Unlike, the different times of onset, the
form of the heat flow signals was independent of N, vari-
ation making LC more promising for the detection of low
N, than SC. The different growth behaviour of the bacteria
LC versus SC determines the shape of the heat flow signal.
A bacterial colony relies on substrate (or oxygen) diffusing
towards the substratum-colony interface, whereas in LC,
bacteria are surrounded by dissolved substrate and oxygen,
though provision with oxygen may be limited by diffusion
from the headspace.

As expected from Eq. (1), the onset of heat flow signals
depended on N, (Fig. 6b). The detection time was deter-
mined in the same way as for SC and is given in Table 1.
Interestingly, cultivation in liquid or on solid medium (using

Table 1 Summary of the

. . . Growth ldcct/h [dcct/h tdcct/h tdcct/h ldccl/h
detection times (mean + SD) condition 3.8 x 10° CFU 3.8 x 10 CFU 1.1 x 10' CFU 43 CFU 0.7 CFU
determined at a detection
threshold value of 2 pW SC (3.9+0.1) (54+0.2) (72+0.3) (8.7+0.3) (10.5+0.4)

LC (3.9+0.1) (5.6+0.1) (7.8+0.1) (9.4+0.2) (11.1+0.6)
ringer
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Fig.6 IMC experiments performed in LC. The N, (mean+SD) in
CFU are indicated next to the heat flow signals and based on the inoc-
ulum volume (10 pL). a Dependency of heat traces on the N,. b Mag-

the same inoculum volume of 10 pL) did not influence the
detection time much at the predefined detection threshold
value of 2 uW. For such a low heat flow, the provision of
substrates and oxygen does not limit the growth. However,
to achieve the earliest possible detection time, LC offers the
major advantage that the inoculum volume can easily adapt
to the overall volume of the calorimetric vessel.

Based on the CFU detection time determined by vis-
ual inspection (13.3+ 1.3 h) of bacterial growth on solid
medium, we could show with our results that a faster detec-
tion by IMC is possible. High N, ((3.8+3.1) x 10° CFU)
were detectable after 3.9 h for both on solid as well as in lig-
uid medium and low N, (0.7 +0.2 CFU) after 10.6 h for solid
medium and 11.1 h for liquid medium (considering a detec-
tion threshold value of 2 uW). Furthermore, if one compares
the error of the detection times, it became apparent that calo-
rimetric detections have a smaller error independent of N,,.
This difference can be attributed to the subjective evaluation
of colony detection in the case of visual inspection. Simi-
lar conclusions were drawn during the visual inspection of
pharmaceutical products utilizing sterility testing [16]. A
summary of all Ny,-dependent heat flow signals measured
on SC and LC is given in chapter S5 in the SI.

Enrichment via membrane filtration (MF)

One possibility to increase N and to shorten detection is
the enrichment from a larger sample volume using mem-
brane filtration (MF). Depending on the background of
the analysed sample, N, can range from a few bacteria
cells (e.g. drinking water) to more than 10° (e.g. foodstuff)
per mL sample volume [33]. Using the MF process thus
larger sample volumes (e.g. 10 mL instead of 0.01 mL)
could be subjected to calorimetric measurements. Figure 7
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nification of heat flow signals near the detection zone, the dotted line
representing the predefined detection threshold value of 2 pW

compares the heat flow signals with and without MF for
SC and LC (taken from Figs. 5a, 6a).

Considering the enrichment factor of 1000, the obtained
heat flow signals showed two substantial changes. Firstly, an
increase in N, led to a reduction in detection time (Fig. 7b, d)
independently of the detection threshold value (10, 50 uW).
The highest N, (solid red curve) corresponded probably to
an N, of approx. 10° (assumption based on the enrichment
factor of 1000 and an initial number of approx. 10° bacteria
in 0.01 mL inoculum volume) in the filter produced an initial
heat flow of 25 uW. These results are very consistent with
literature assumptions that 10.000 to 100.000 active bacteria
are necessary to produce a heat flow above the limit of ther-
mal detection (LOD =0.2 uW for the TAM III, www.tains
truments.com) [34]. Secondly, the shape of the heat flow sig-
nals varied strongly between SC (Fig. 7a) and LC (Fig. 7c).
Interestingly, the shape of the heat flow signals obtained
on SC with (solid curves) and without (dash curves) MF
varied especially for the lowest N, (yellow curves). In
theory, the heat flow curves with the highest N, (red and
blue dashed curves) contain the same number of bacteria as
the two curves with the lowest N, (violet and yellow solid
curves) due to MF. Consequently, curves should coincide.
However, there is some small variation. Small inaccuracies
in the placement of the filter on the agar surface and the
consequence that not all bacteria have same access to the
solid medium could be the cause. In the case of LC, the two
heat flow signals with the same N, (red and blue dash curves,
and violet and yellow solid curves, Fig. 7d) overlapped. This
may indicate that the bacteria were able to detach themselves
from the filter surface and access the substrates and oxygen
via free movement in liquid phase. The increase in turbidity
after the measurement confirmed this assumption.

67


http://www.tainstruments.com
http://www.tainstruments.com

Systematic investigation of a culture-based microcal orimetric approach for the detection of bacteria

How to speed up the detection of aerobic microbial contaminations by using isothermal...

Solid cultivation
(a) 600
500
~ 105 CFU
400 ~ 104 CFU

103 CFU blank
300

Heat flow/uW

200

100

0 6 12 18 24 30

Time/h

36 42 48 54 60

(0) 5
40

30

20

Heat flow/uW

10

-10

0 2 4 6 8 10 12 14 16 18 20 22 24

Time/h

Fig.7 IMC experiments performed after enrichment by MF. a Com-
parison of heat flow signals on SC with MF (solid curves) and with-
out MF (dashed curves, approximated N, in CFU are indicated next
to the heat flow signals and based on the filtration volume, 10 mL). b
Magnification of the heat flow signals (SC) near the detection thresh-

It is important to mention here that membrane filtration
is accompanied by a certain sample preparation time, and
this should be taken into account for detection. However,
there is also an argument for membrane filtration. For slowly
growing bacteria, the time gained through enrichment can
compensate for the loss through sample preparation time.

Influence of IMC performance on the detection time
Influences of technical specifications

The detectable heat flow @4, (¢) is mainly determined by
the accuracy (lowest resolution in temperature difference
which can still convert into voltage) of the detector, a ther-
moelectric generator (TEG), and the temperature constancy
in the entire system. The TEG consists of several serially
connected thermocouples. The most common microcalo-
rimeters used to investigate cellular systems are based on
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old values 10 and 50 pW. ¢ Comparison of heat flow signals in LC
with MF (solid curves) and without MF (dashed curves). d Magnifi-
cation of the heat flow signals (LC) near the detection threshold val-
ues 10 and 50 pW

the principle of heat conduction and work in isothermal
operation mode [8]. The aim is to ensure that as much of the
metabolic heat as possible flows through the detector (TEG).
Mathematically, this can be expressed as follows [35]:

D(t) = Kk - g - AT 2)

where k (in W K1) is the thermal conductivity of a thermo-
couple, nppg the number of thermocouples and AT (in K) the
temperature difference between the upper and lower surface
of the TEG. The voltage U(¢) generated at the TEG can be
described by Eq. (3) [35]:

U@ = a - nygg - AT 3)

where a (in V K1) is the Seebeck coefficient of the thermo-
couples. According to the difference in temperature between
the upper surface (increase in temperature due to metabolic
heat caused by bacteria) and the lower surface (constant
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temperature of the heat sink given by the system), a volt-
age is generated (Seebeck effect). In other words, the heat
conducted via the TEG &(¥) is proportional to the measured
voltage U(t) (Eq. 4) [36]:

&) =e- Ut (4)

The proportionality factor € (in W V1), also referred to
as the calibration constant, is composed as follows:

f= X
== §)

Since these are two material constants, there are possibili-
ties to influence this quotient and to keep the value of ¢ as
small as possible. A low specific thermal conductivity and
a large Seebeck coefficient are aimed for [37].

As already mentioned, the bottom side of the TEG is kept
constant by a temperature-controlled heat sink. Due to the
small temperature increase caused by the metabolic heat of
the growing bacterial cultures [9], already small temperature
fluctuations on the heat sink of the instruments can have a
direct effect on the performance of the IMC measurement.
As a result of such fluctuations, noise or drifts may super-
pose the metabolic heat flow signals and a delayed detection
time would be determined.

Interestingly, most applications on bacteria detection by
IMC in literature were performed in 4 mL static ampoules
using high-performance microcalorimeters (low detection
thresholds are applicable) [15, 19, 22, 23, 31]. In calorim-
eters with a high detection threshold, this deficit is typically
compensated by large sample volumes containing more
heat-producing bacteria [38]. However, due to the larger
sample volume, only a few simultaneous measurements
are possible. For the practitioner, however, in addition to
short detection times and simple calorimeters, the number
of simultaneous measurement possibilities is also decisive.
Thus, it is a big difference to measure up to 48 samples in

C. Fricke et al.

a high-performance calorimeter or up to 12 samples using
a simple calorimeter having the same volume-related limit
of detection or to measure up to 48 samples in a simple
calorimeter with a lower limit of detection as long as the
bacterial contamination is detected early enough. To address
these issues, we simulated the effect of calorimeter detection
thresholds as well as the sample volumes on the detection
time directly, assuming different empirical threshold val-
ues (P =2, 10, 50 and 100 pyW) in the context of a static
4-mL ampoule system. These assumptions are supported by
manufacturer information and literature data and selected to
cover almost all commercially available IMC devices used
for biocalorimetry (see Table 2).

Influence of the initial number of bacteria
on the detectable heat flow

To relate detectable heat flows to common microcalorim-
eters (see Table 2), detection threshold values (2, 5, 10, 50
and 100 uW) were used to establish detection times for LC
and SC in conventional static 4-mL glass ampoules. Figure 8
summarizes the results. For the sake of simplicity, only the
results obtained with the highest (red curves) and the lowest
N, (yellow curves) are discussed.

Two cases will be considered: first, the difference between
high and low N, at different detection threshold values and
different cultivation modes (LC vs. SC) and second, the
influence of different detection threshold values at constant
N,.

The difference in the detection time between highest (red
curve) and lowest (yellow) N, was independent of the detec-
tion threshold for LC (approx. 7 h). For SC, the same delay
was observed at detection thresholds <10 uW (Fig. 8a).
Whereas the difference in detection times at a threshold
value of 50 uW was already twice as long (approx. 13 h)
and at 100 pW almost four times as long (approx. 26 h).

Table 2 Typical detection threshold values for IMC instruments used in biocalorimetry

Calorimeter Manufacturer Empirical thresh-  Filling volume of Volume-specific References
old/uWw ampoule/mL threshold/mW L'

TAM 48 TA instruments 2 n.a. - [23]
TAM 11T 10,2 3,0.2 3,10 [19, 25]
TAM air 25 7-5 4-5 [38]
MC-Cal/100 P C3 Prozess- und Analysen-  100P, 28¢ 1°,0.4¢ 100°, 70° [39]

technik GmbH
BioCal 2000 Calimetrix Inc. 100 n.a. - www.calmetrix.com
calScreener Symcel AB 1 0.3 3 [40]

n.a. not available
Calculated by using the filling volume of the ampoules
®Determined in our study

“Calculated from the available data
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Fig. 8 Influence of simulated detection thresholds on detection times
achieved in IMC experiments depending on N, in solid (a, b) as
well as in liquid (¢, d) medium. Red: (3.8+3.1)-10° CFU. Yellow:
(0.7+0.2) CFU. a Magnification of the heat flow signals measured in
SC near detection threshold value, the dotted lines representing @,

Considering now a constant N, the heat flow signals
showed that, regardless of the cultivation mode (solid or
liquid), the detection time between high-performance micro-
calorimeters (threshold values of 2 to 10 pW) varied by
roughly 2 h following Eq. (1) (Fig. 8a, c). The exponential
increase in the heat flow confirms the assumption of expo-
nential growth. At high N, (red curve), the delay in detection
with 100 uW versus 2 uW was 3 h with SC (Fig. 8a, c) and
was 5 h with LC (Fig. 8c, d). The difference in detection
time of 2 h between LC and SC might be caused by the
influence of oxygen diffusion on the metabolic response of
P. putida mt-KT2440 [41]. The growth process slows down
under conditions influenced by diffusion. Simulations [42]
point to the special role of oxygen diffusion in static, closed
ampoules.

At low N, (yellow curve), the delay in detection with
threshold values of 100 uW versus 2 pW increased by 22 h
with SC (Fig. 8a, b) and by 5 h with LC (Fig. 8c, d). The

70

1943

Liquid cultivation
12
(©)
10

8

6

Heat flow/pW
5

blank

2 3 4 5 6 7 8 9 10 11 12 13 14 15
Time/h

(d)
100
blank
80

60

Heat flow/pW

40

20

2 4 6 8 10 12 14 16
Time/h

of 2, 5 and 10 uW. b Heat flow signals measured in SC near @, of
10, 50 and 100 pW. ¢ Magnification of the heat flow signals meas-
ured in LC near detection threshold value, the dotted lines represent-
ing @y of 2, 5 and 10 uW. d Heat flow signals measured in LC near
Dee; 0f 10, 50 and 100 pW. (Color figure online)

difference in LC has already been discussed. However, a
completely different picture is obtained at low N, in the case
of SC. The difference in detection time of 22 h was caused
by a change from exponential to substrate diffusion-limited
linear growth at about 30 uW (or after 14 h). This growth
behaviour is characteristic for the formation of bacterial
colonies on solid substrate [43, 44]. This effect was also
reflected in the size of the colonies formed (see for details
SI).

Finally, to confirm the detection times simulated here, we
used a less powerful cement calorimeter (LOD of 20 uW for
the MC-Cal/100 P, https://www.c3-analysentechnik.de) to
perform the same N-dependent measurements in LC (n=2)
under the same conditions as described in Fig. 2b. The detec-
tion times are summarized in Table 3, and the corresponding
heat flow signals are given in chapter S6 in the SI.

If we now compare the detection times in Table 3
(detection threshold 100 uW) with the CFU detection time
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Table 3 Comparison of .
detection times determined with Calorimeter tsd.cs?/:; 10° CFU ;d.ci?/>}<1 oy f‘/: 10! CFU if.cit/gFU z)d.c7ﬂ/gFU
two different calorimeters at
a detection threshold value of TAM III* (8.8+0.1)° (10.7 +0.1) (12.6+0.1) (145+0.1)  (16.1+0.5)
100 W MC-Cal/100 P 9.1 11.6 135 15.4 16.4

8.9 11.8 13.7 158 n.d.

n.d. not detected

4Simulated detection times at a threshold value of 100 uW

®Only measured in duplicates
“Mean +SD

(13.3+1.3) determined by visual inspection, it must be
concluded that if only less than ten bacteria cells are pre-
sented at the beginning of the measurement, visual inspec-
tion might be slightly faster. However, the time needed to
form all countable colonies on a plate that are visible for the
naked eye is mostly higher.

Influence of the filling volume of medium on the detectable
heat flow

To investigate the influence of oxygen and substrate on the
detection time being a function of the detectable heat flow,
IMC experiments were performed with different filling vol-
umes of liquid and solid medium (V,.4;,m) in the calorimet-
ric ampoules. The change in V| 4., resulted in different
amounts of oxygen and substrate, which are available to
the bacteria for growth. Due to the close relation between
bacterial growth and metabolic heat according to Eq. (1),
we expect an influence on detection time, especially in LC.
Here, the metabolic response of the bacteria to oxygen-
limiting conditions should be more noticeable. But first, we

examine the heat flow signals recorded at different V. 4ium

(@)600 No = (1.1 + 0.5)-101 CFU
blank
500 Vmegiaum = 0-1 ML
Vmegiaum = 0-5 ML
2 400 Vinediaam = 2:0 ML
E Vmediaum = 3-0 ML
o Vimediaum = 4-0 ML
= 300
©
[J)
T
200
100
0
0 6 12 18 24 30 36 42
Time/h

Fig.9 Influence of V4., on the heat flow signals obtained from
IMC experiments conducted on solid medium. a Heat flow traces

depending on V, .4.m- P Relationship between detection time and
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on solid medium (Fig. 9). Both factors, substrate and oxygen
quantity, influenced the growth of bacteria on solid medium.
At low filling volumes (V,.4ium=0.1 mL), the bottom of
the ampoule was not completely and evenly covered by the
medium as well as by V;; hence, the shape of the heat flow
curve (red curve, Fig. 9a) differed in comparison to the other.

If one compares only the increase of the heat flow curves
in Fig. 9a considering detection threshold values, all heat
flows show exponential shape (except for the red curve).
Depending on the total amount of oxygen (determined by
V medium)» the maximum heat flow varied and reached at
Vinedium = 0.5 mL (blue curve) a maximum value of 575 yW
(1150 mW L™"). Detection times were the same for differ-
ent V, .qium regarding constant threshold value (Fig. 9b).
However, decreasing performance of the instrument caused
later detection, regardless of V, .4ium (Fig. 9b). The differ-
ence in detection time at threshold values of 2 and 100 yW
was approx. 4 h and almost independently of the respective
V,

medium*

The shape of heat flows obtained from V4, ,-dependent
experiments in LC (Fig. 10) showed a stronger variation

compared with those obtained from SC. To describe the

(b) 18
detection threshold values, Diect
2w 10 pW
16 50 uw 100 pW
14
£
3812
2
10
8
6
00 05 10 15 20 25 3.0 35 40 45
Vmedium/ml-
Vedium @s @ function of different detection threshold values @4 =2,

10, 50 and 100 uW. For comparison, the dashed line in B indicates
the mean CFU detection time determined by visual inspection
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shape of the heat flow curves, we have to distinguish between
dissolved oxygen in the liquid phase which is immediately
available to the bacteria, and oxygen in the gas phase which
is only available to the bacteria through slow transport from
gas phase into liquid phase and thus with delay [42]. The ini-
tial ratio between dissolved and unsolved oxygen was deter-
mined by V, .4ium Of the liquid. Besides, a higher V,.4iums
as mentioned before, led to an overall decrease in the total
amount of oxygen in the calorimetric ampoule (minimum
and maximum oxygen quantities are shown in Fig. 2b). The
lowest filling volume (V. gium=0.1 mL) showed a slightly
different heat flow signal (Fig. 10a, red curve) compared
to the others. Possibly the interplay between substrate and
oxygen limitation changed the metabolic response of the
bacteria, thus causing a diffuse heat flow signal was obtained
(Fig. 10a, red curve). Detection times were the same for
different V4, at threshold values of 2 and 10 pW (black
and red points, Fig. 10b). Additionally, average detection
times were in the same magnitude 7.5 h at 2 uyW and 9.5 h at
10 uW for both SC and LC (Figs. 9b, 10b). The reason for
this was that at time of these detectable heat flows sufficient
oxygen and substrate were available to the bacteria. This
corresponds to our assumption of a constant cell-specific
heat production rate.

However, instruments with a worse threshold value
(> 10 uW) led to later detection but unlike SC, a V. 4ium-
dependent behaviour was observed (Fig. 10b). At a detec-
tion threshold value of 100 pW (green points, Fig. 10b), an
almost linear relationship between the detection time and
Vedium Was observed. An assumption for this might be the
extended diffusion path (caused by an increase in V,.4iym)
for oxygen which diffused by transport from gas phase into
liquid phase and the bacteria freely moving in medium. This

would also explain the shift of the second peak depending on

(@) 600 No = (1.1 + 0.5)-10t CFU
blank
500 Vet = 01 ML
V ediaum = 0-5 mL
;1 400 V mediaum = 2.0 ML
E V egiaum = 3:0 ML
o V mediaum = 4-0 ML
= 300
I
o
I
200
100
0
0 6 12 18 24 30 36 42
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Fig. 10 Influence of V, 4um On the heat flow signals obtained from
IMC experiments conducted in liquid medium. a Heat flow traces

depending on V| .4.m- b Relationship between the detection time and
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Vinedium (s€€ Fig. 10a). However, the maximum of the second
peak was determined by oxygen transferred from the head-
space. Another exception was found at a threshold value of
50 uW (blue points, Fig. 10b). For low V,.4.m- the detection
time followed the linear trend from the previous observa-
tion. However, the detection time decreased at a V.4, Of
3 mL and dropped to a value of approx. 10.5hata V,_4um
of 4.0 mL (Fig. 10b). When using 3 or 4 mL instead of 2 mL
filling volume, the dissolved amount of oxygen was so large
that the initial peak reached a detectable heat flow of more
than 50 uW. The large error bars in the case of the meas-
urement point at 3 mL (Fig. 10b) are since only in one of
three measurements a heat flow of the initial peak exceeded
50 uW and was therefore detectable. The detection of the
other two curves only occurred at the second peak (tempo-
rally delayed, see explanation above) which then exceeded
50 uW. A summary of all V.4i.n-dependent heat flow sig-
nals measured on SC and LC is given in chapter S7 in the
SI. As our data showed, for aerobic bacteria to be detected
in LC it is important to know how much dissolved oxygen
is needed to produce a detectable heat flow. This value can
be estimated by using the following eq:

Do, < 1 Co, - AHp, + Ny - @ (6)

where ¢ and A H, are the amount of dissolved oxy-
gen in the aqueous medium and the oxycaloric equivalent
(=455 kJ mol™! 0O,) [32], respectively. The derivation of
Eq. (6) is given in chapter S8 of the SI.

Influencing biological heat production

Cell-specific heat production rate ¢, and specific growth
rate u are characteristic of the respective bacterial strain.

18
(b) detection threshold values, ¢,
2 uW 10 yW
16 50 pW 100 pW
14
£
g 12
10
8
6
00 05 10 15 20 25 30 35 40 45
Vmedium/mL
Vinedium @ @ function of different detection threshold values @y =2,

10, 50 and 100 uW. For comparison, the dashed line in b indicates the
mean CFU detection time determined by visual inspection
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High values of both favour early calorimetric detection. The
growth rate likewise favours conventional visual detection
and is affected by environmental conditions like tempera-
ture, pH, salinity or substrate availability [45-47]. All of
these factors can be adjusted to achieve optimal growth. It
is worth mentioning here that IMC can be advantageous
for screening of optimal growth conditions [48], as all the
factors mentioned influence the metabolism of the bacterial
cell which is strongly correlated with the heat released [49].

A simple method to achieve fast growth is the use of com-
plex media (e.g. lysogeny broth LB or trypticase soy broth
TSB) [50]. These media contain important building blocks
and provide all necessary components such as amino acids,
carbohydrates and vitamins etc. [51] for the biosynthesis
(anabolism) [52]. Thus, the build-up of bacterial biomass
can take place faster and more energy efficiently than by
synthesis from one or a small set of substrate molecules. To
demonstrate this difference in terms of detection, we per-
formed another IMC experiment in LC by using a minimal
medium (MMKT2440) instead of DMS-1 medium. Every-
thing else remained the same as described in Fig. 2b. For
comparison, Fig. 11 shows the heat flow signals of bacterial
growth in minimal medium as well as in DMS-1 medium
(taken from Fig. 6a). For details, the corresponding heat
flow signals measured in MMKT2440 are shown in chapter
S9 in the SI.

A comparison of the heat flow signals showed that bacte-
rial growth can be easily stimulated by a selective choice of
the medium composition. Consequently, it is beneficial for
the practitioner if metabolic processes of the desired target
microorganisms are known and thus the detection time might
be reduced via the medium composition. Complementary
to this, it should be emphasized that this consideration also
applies to temperature and pH as demonstrated by Katarao
et al. using the example of E. coli [49].

The cell-specific heat production rate is poorly inves-
tigated since metabolic processes of bacteria involve heat
flows in the picowatt range. The mean cell-specific heat
production rate is used, but this was only determined for a
few bacteria under different growth conditions (e.g. aerobic,
anaerobic, exponentially growing, resting) [4, 53-55]. Any
possibility to increase the cellular heat with, e.g. selective
substrates or reagents would favour an IMC detection of
bacterial contaminations as they would allow earlier, more
sensitive and more selective detection. The kind of metab-
olism might also play a key role since respiratory growth
often releases more heat than fermentative growth [42]. One
would thus cultivate facultative anaerobes under oxic condi-
tions to increase the mean cell-specific heat production rate.
For instance, the cell-specific heat production rate for E. coli
is 0.8 pW/cell during aerobic growth as opposed to 0.2 pW/
cell during anaerobic growth [17].
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Fig. 11 Influence of the medium composition on the heat flow sig-
nals obtained by using complex medium (DSM-1, dashed lines)
and chemical defined minimal medium (MMKT2440, solid lines).
The insert provides a magnification of the heat flow signals. The N,
(mean+SD) in CFU are indicated next to the heat flow signals and
based on the inoculum volume (10 pL)

Conclusions

Our study analysed the three factors determining the detec-
tion time in microcalorimetric measurements of aerobic bac-
terial contaminations in 4-mL static ampoules: (1) the initial
number of bacteria (V,), (2) the performance of the applied
isothermal microcalorimeter (IMC) and (3) the provision of
substrate and oxygen in the solid- or liquid-based cultivation
set-up. This study used the aerobically growing P. putida
mt-2 KT2440 as an example and complements an analo-
gous study conducted with an anaerobic system [25]. This
is important because numerous pathogenic or other bacterial
contaminants grow aerobically.

The current trend in the field of IMC detection of bacte-
rial contaminations is that, on the one hand, less powerful
calorimeters (applicable detection thresholds > 10 uW) use
large sample vessels (up to 125 mL sample volume) but have
only a few measuring channels. On the other hand, power-
ful calorimeters (applicable detection thresholds < 10 uW)
are used which have small sample vessels and allow up to
48 simultaneous measurements. Our results, together with
the applications already known from the literature, e.g. E.
coli produced a max. heat flow of 100 uW (33 mW L™!) in
the concentration range of 10° to 10° CFU-mL~" [56] or
approx. 650 uW (217 mW L~!) in the concentration range
of 10° to 10° CFU mL™! [19] (depending on the cultiva-
tion conditions, for details see the respective reference),
Staphylococcus aureus produced a max. heat flow of 100 to
350 uW (33 to 117 mW L~!) depending on the concentration
(10° to 10° CFU mL™Y) [19] and Legionella pneumophila
produced a max. heat flow of 175 pW (58 mW L7}) in the
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concentration range of 10° to 10> CFU mL ™! [57], show that
it might be possible to develop a simple calorimeter that is
less powerful (high detection threshold), uses small sample
vessels (4-5 mL) and has a sufficient number of channels.
The detection of metabolically induced heat flows in the
range of 50-100 uW and the use of 4-mL ampoules might
be sufficient for most applications. Due to the exponential
growth behaviour of the bacteria, the detection delay is only
a few hours compared to powerful but also very expensive
IMCs. We were also able to show that an increase in the
initial number of bacteria can be a feasible solution. As an
extension, especially for low contaminations or if larger
sample volumes are investigated which would not be appro-
priate for 4-mL ampoules, membrane filtration would be a
reasonable option. Additionally, if membranes with selec-
tively antimicrobial surfaces or pore sizes [58] would be
used, calorimetric detection could even be combined with
the reduction of the influence of a potential accompany-
ing bacterial flora. This should be the subject of follow-up
research because bacterial contaminations are sometimes
caused by bacterial communities and not only by single
strains. However, there are already some potentially alter-
native enrichment methods such as biomagnetic separation
(BMS) which has been successfully applied in the rapid
detection of E. coli [59].

We were able to show that even less powerful calorim-
eters which only recognize a detectable heat flow of 50 uW
and more, can show comparatively early detection despite
oxygen diffusion problems in the case of liquid cultivation
(LC). However, very low N, on solid cultivation (SC) were
critical, since our experiments have shown that if only a few
colonies grow on the solid medium, a transition between
exponential and linear heat flow can be observed. This
behaviour is due to substrate diffusion-limited linear growth
of colonies. Cultivation on solid substrate can be considered
as a useful alternative, especially for microorganisms that
grow better or only on solid medium. In the case of strictly
aerobic growing bacteria, SC offers better access to oxygen
[23]. Furthermore, lager V; might be also applicable in SC by
increasing the cross-sectional area of calorimetric vessels.

Finally, it should be noted that a deeper understanding in
biological characteristics like stimulating specific growth
rate u through medium composition, temperature or pH as
well as the cell-specific heat production rate ¢, which is
still comparatively little investigated, bears an enormous
potential to further reduce detection times. Concerning ¢,
one possibility could be the action of targeted substrates to
stimulate the metabolic response of the microorganisms to
yield a greater cell-specific heat production rate.
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3.1.3 Rapid culture-based detection of Legionella pneumophila using isothermal micro-
calorimetry with an improved evaluation method

Fricke C, XuJ, Jiang F-L, Liu Y, Harms H, Maskow T. (2020):

Rapid culture-based detection of Legionella pneumophila using isothermal microcalorimetry with an
improved evaluation method

Microb. Biotechnol. 13 (4), 1262-72.

https://doi.org/10.1111/1751-7915.13563 (published, Brief report)

Significance: ISO 11731:2017 is a culture-based standard method for the detection of Legionella
pneumophila. According to the ISO, a positive result of a contaminated sample is confirmed after a
cultivation period of 10 days. This procedure is a time-consuming detection method. It would be de-
sirable to have an equivalent faster approach that can reduce the cultivation time and detect potential
outbreaks earlier. In this publication, a culture-based detection of L. pneumophila using isothermal
microcalorimetry was demonstrated for the first time. Detectable heat flows of highly concentrated
samples (1000 CFU per ampoule) were determined after 24 h. Low contamination levels (4 CFU per
ampoule) were detected after 45 h. Additionally, an improved evaluation method was presented by
analysing the first derivative of the heat flow curve. Finally, the findings are discussed in the context

of establishing an early warning system for drinking water samples based on microcalorimetry.
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Summary

The detection and quantification of Legionella pneu-
mophila (responsible for legionnaire’s disease) in
water samples can be achieved by various methods.
However, the culture-based ISO 11731:2017, which is
based on counts of colony-forming units per mli
(CFU-mI™) is still the gold standard for quantification
of Legionella species (spp.)- As a powerful alternative,
we propose real-time monitoring of the growth of
L. pneumophila using an isothermal microcalorimeter
(IMC). Our results demonstrate that, depending on
the initial concentration of L. pneumophila, detection
times of 24-48 h can be reliably achieved. IMC may,
therefore, be used as an early warning system for
L. pneumophila contamination. By replacing only
visual detection of growth by a thermal sensor, but
otherwise maintaining the standardized protocol of
the ISO 11731:2017, the new procedure could easily
be incorporated into existing standards. The exact
determination of the beginning of metabolic heat is
often very difficult because at the beginning of the
calorimetric signal the thermal stabilization and the
metabolic heat development overlap. Here, we
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propose a new data evaluation based on the first
derivation of the heat flow signal. The improved eval-
uation method can further reduce detection times and
significantly increase the reliability of the IMC
approach.

Introduction

Legionnaire’s disease, caused by pathogenic bacteria of
Legionella spp., manifests itself as an atypical form of
pneumonia (Fraser et al., 1977; McDade et al., 1977,
Fields et al., 2002; Hilbi et al., 2010). Besides this, a less
dangerous, non-pneumonic form, the so-called Pontiac
fever (Rowbotham, 1980a; Tossa et al, 2006; Ward
et al., 2010) can be caused by Legionella spp.. The
best-characterized species of the genus is Legionella
pneumophila, which comprises 16 serogroups (Kazand-
jian et al., 1997; Yu et al., 2002; Aurell et al., 2003). It is
a Gram-negative bacterium that is omnipresent in the
environment, especially in aquatic systems (Row-
botham,1980b). Here, amoebae act as host cells for
L. pneumophila to protect and multiply them (Row-
botham, 1980b; Rowbotham, 1983; Thomas et al.,
2010). However, the greatest danger is posed by
L. pneumophila when it invades technical water systems
(private and public buildings), air conditioners, cooling
towers, etc. (Fliermans et al., 1981; Orrison et al., 1981;
Stout et al., 1985; Fields et al., 2002). The transmission
occurs by inhalation of small water droplets containing
L. pneumophila (Bollin et al., 1985). The aerosols are
then able to enter the respiratory tract and infect human
macrophages in which L. pneumophila multiplies. Finally,
the human macrophages are killed and the replicated
L. pneumophila bacteria are released and can attack fur-
ther macrophages (Segal and Shuman, 1999; Khweek
and Amer, 2010).

Since the first recognition of L. pneumophila in 1976,
several methods were developed for the detection of this
pathogen (Villari et al., 1998; Diaz-Flores et al., 2015;
Mobed et al., 2019). One of the earliest diagnostic tools
was based on immunofluorescence labelling (Cherry

© 2020 The Authors. Microbial Biotechnology published by John Wiley & Sons Ltd and Society for Applied Microbiology.
This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.
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et al., 1978; Berdal et al, 1979). The semi-selective
nutrient medium developed by Edelstein and co-workers
in 1979, based on charcoal yeast extract (CYE) agar
allowed the first selective enrichment of L. pneumophila
cultures from contaminated specimens (Edelstein and
Finegold, 1979). Later, more sensitive and selective
nutrient media were explored (Warren and Miller, 1979;
Ristroph et al., 1980), which are admixed with antibiotics
(e.g. as Glycine Vancomycin Polymyxin Cycloheximide
(GVPC) agar) to suppress the growth of accompanying
microorganisms (Edelstein 1981). The common present-
day practice is to determine the number of L. pneu-
mophila cells in environmental samples as prescribed in
the standardized protocol of the ISO 11731:2017. This
ISO method describes standardized cultivation of L.
pneumophila on selective culture media (GVPC Agar).
The degree of contamination is determined quantitatively
as CFU per 100 ml sample.

Besides this, there are several other techniques
known for the detection of L. pneumophila: for instance,
urinary antigen tests (UAT) (Bibb et al., 1984; Samuel
et al., 1988; Dominguez et al., 1996), indirect and direct
fluorescent antibody (IDFA) staining (Winn et al., 1980;
Makin and Hart, 1989; Alary and Joly, 1992), a high
number of different qualitative and quantitative poly-
merase chain reaction (PCR) approaches (Starnbach
et al.,, 1989; Bej et al.,, 1991; Catalan et al., 1994; Mat-
siotabernard et al., 1994; MatsiotaBernard et al., 1997;
Ballard et al, 2000; van der Zee et al., 2002; Fiume
et al., 2005; Boss et al., 2018) and a variety of biosen-
sors like surface plasmon resonance (SPR) immunosen-
sor, electrochemical as well as genosensors etc. (Oh
et al,, 2003; Li et al., 2012; Mobed et al., 2019). Espe-
cially, gPCR techniques are becoming more and more
used in practice. One example is the ISO norm (ISO/TS
12869:2019) which deals with the detection and quantifi-
cation of L. pneumophila (Omiccioli et al., 2015). All
these diverse techniques are able to detect Legionella
spp. much faster (minutes to a few hours) compared
with the conventional cultivation approach (3-7 days)
(Mobed et al., 2019). However, they have in common
that expensive agents and a high level of expertise are
required for their execution and data interpretation.
Therefore, it is not surprising that the cultivation-depen-
dent detection of L. pneumophila is still the gold stan-
dard.

For this reason and in contrast to the general
research trend towards molecular biological techniques
in the field of L. pneumophila detection, we propose a
culture-based method using an isothermal
microcalorimeter (IMC) to track the growth of L. pneu-
mophila in real-time. We suggest replacing visual detec-
tion by the human eye through a highly sensitive
thermoelectric device (i.e. Peltier element) of an IMC

Fast calorimetric detection of Legionella 1263

and exploit the metabolic heat evolved for early detec-
tion of bacterial growth (Wadso and Goldberg, 2001;
von Stockar 2010; Maskow et al., 2014; Braissant et al.,
2015a,2015b). Additionally, if IMC experiments are per-
formed on solid medium further inspections like check-
ing the colony morphology after the experiment are
possible if glass ampoules are used. Depending on the
bacterial strain as well as on the medium this subse-
quential visual inspection might provide some informa-
tion on potential accompanying bacterial flora. Like
colony counts, IMC recognizes only active and cultivable
bacteria as the harmful fraction of the pathogen. Advan-
tageously, IMC is very easy to implement and data
interpretation does not require specific expertise. Fur-
thermore, using IMC is fully compatible with 1SO
11731:2017 sample preparation. Hence, it can be easily
integrated into the existing standard protocols with the
added benefit of potentially reduced detection times,
especially for high concentrations of L. pneumophila
(> 10* CFU L") (WHO 2007). The three objectives of
our study are therefore firstly to show the applicability of
calorimetric monitoring to L. pneumophila contamination,
secondly to optimize the data evaluation and thirdly, to
analyse the dependence of the detection time on patho-
gen concentration.

Results and Discussion
Principles of heat flow measurements of bacterial growth

Medium and sample are held by a sealable glass
ampoule (calorimetric vessel) which is put into a
calorimeter. The metabolic heat flows via a Peltier ele-
ment to a thermally controlled heat sink. The Peltier ele-
ment provides a voltage which is proportional to the
metabolic heat production rate @(1) (in W) (see Fig. 1).

The conversion factor of measured voltage to heat
output signal is determined by electrical calibration. The
actual heat flow @(f) depends on the number of active
L. pneumophila cells at any point in time N(f) and the
cell-specific heat evolved by each cell ¢q (in W) (Eq. 1,
Chang-Li et al., 1988):

®(t) = N(1) - ¢o. M

It is well known that bacterial growth if all nutrients are
available in excess follows the following exponential
function:

N(t) = No-exp(u-t). 2

where N, is the initial bacterial concentration in the
sample under investigation, u is the specific growth rate
(in h™") and t the elapsed time (in h). Combining Eqgs 1
and 2 leads to:

© 2020 The Authors. Microbial Biotechnology published by John Wiley & Sons Ltd and Society for Applied Microbiology., Microbial
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Fig. 1. Experimental setup and data evaluation for the microcalorimetric investigation of the growth of L. pneumophila.

O(t) = No-pg-exp(u-t)orin(No) = —p-t+1In (%?)
©)

The logarithmized form of Eq. 3 makes it possible to
establish a linear relationship between the initial concen-
tration Ny and the time t (in h) that passes until a given
heat production rate @(t) is detected. Assuming a certain
value as thermal detection limit (e.g. 2 pW) (Braissant
et al., 2010), the corresponding time could be called
detection time fyec. It could be shortened by using a
more sensitive calorimeter with a smaller thermal detec-
tion limit or a higher starting concentration of L. pneu-
mophila. However, it has to be noted that not all
commercially available microcalorimeters achieve this
thermal detection limit. Nevertheless, the latter can be
achieved by concentrating the sample, for example by
membrane filtration. Membrane filtration of 100 ml
sample volume is also used for the ISO 11731:2017
standard. When interpreting the results of plating 10 pl

(in the case of the IMC experiments), the enrichment by
a factor of 10* should be kept in mind. The ty. is used
to calculate the number of L. pneumophila cells in the
calorimetric vessel and by considering the enrichment in
the sample according to Eq. 3.

The thermal signal is essentially determined by two
counteracting effects (see also Supporting information).
First, the ampoule is entering the calorimeter with a tem-
perature To slightly deviating from the calorimeter tem-
perature Tc and needs to be thermally equilibrated
(typically an endothermal signal). Second, heat is
evolved due to metabolic activity (exothermal signal). As
a result of these two effects, there is a shift in the base-
line, which is clearly noticeable at the beginning of all
measurements. To ensure a reliable determination of the
detection time, additional baseline corrections are neces-
sary. Another possibility, which to our knowledge has
never been tested before in measuring metabolic activ-
ity, is the analysis of the first derivative of the heat flow
(see Fig. 2), which potentially eliminates the shift of the

© 2020 The Authors. Microbial Biotechnology published by John Wiley & Sons Ltd and Society for Applied Microbiology., Microbial
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Fig. 2. Derivation of the original heat flow signal. Left: First derivation of the heat flow after the time (heat flow rate, ¢). Right: The original sig-
nal, the red line stands for a metabolically influenced heat signal and the black line for the blank.

baseline and allows to distinguish the physical from the
metabolic effect. In other words, such an approach does
not require arbitrary baseline correction.

If necessary, additional information about the growth
kinetic of L. pneumophila can be obtained via integration
of the heat flow signal. The integrated heat flow shown
in Fig. 3 follows a classical sigmoidal bacterial growth
curve, which can be divided into lag phase, exponential
growth phase and stationary phase (Monod, 1949).

However, more sophisticated models like the Gom-
pertz equation (Eq. 4) describe lag phase and stationary
phase and allows to derive important kinetic growth
parameter from the observed integrated heat flow curve
(Braissant et al., 2013).

Q(t) = Qrmax - €xp(—exp(—timax - (t=7))).  (4)

In this equation, Qmnax (in J) represents the total
amount of heat evolved during the growth. The parame-
ter umax (in h™') corresponds to the maximum growth rate
during the exponential phase and y (in h) corresponds to
the duration of the lag phase, that is the lag time.

Applicability of L. pneumophila detection by IMC
measurement

At first, the calorimetric signal has to be interpreted
(Fig. 4). All initial bacterial concentrations are given in
CFU (number of bacteria per ampoule) and CFU/100 ml

Fig. 3. Integration of the original heat flow signal. Left: Integral of the heat flow (total heat, Q). Right: The original signal, the red line stands for

a metabolically influenced heat signal and the black line for the blank.

© 2020 The Authors. Microbial Biotechnology published by John Wiley & Sons Ltd and Society for Applied Microbiology., Microbial
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Fig. 4. Summary of the IMC monitoring of the growth of L. pneumophila.

A. Heat flow over time depending on the initial bacterial concentration.
B. Magnification of the heat flow near the threshold value.

C. First derivatives of the heat flow signals depending on the initial bacterial concentration.
D. Integrals of the heat flow signals depending on the initial bacterial concentration.

(as specified by ISO). Independent of the initial number
of L. pneumophila cells, the heat flow signals had the
same shape and displayed only a single peak. After
reaching the maximum, all heat flow signals returned to
the baseline (Fig. 4A). With increased initial bacterial
concentration, the heat flow signals appeared earlier,
according to Eq. 3.

Braissant et al. (2010) obtained similar results with
their concentration-dependent investigation of Mycobac-
terium tuberculosis. The lowest initial concentration
(0.4 CFU per calorimetric ampoule) did not result in an
increase in the heat flow signal. This can be explained
by the inoculum volume of 10 pl, which statistically con-
tains only approx. 0.1 CFU so that only one CFU in
every tenth sample is expected. To determine a corre-
sponding detection time for each heat flow signal, we set

the threshold value at @(f) = 2 uW according to literature
recommendations (Braissant et al., 2010). If the respec-
tive heat flow signal reaches this value, the detection
time can be read off directly (Fig. 4B).

If one considers the beginning of the heat flow signals,
a sharp increase in all signals was observed (Fig. 4A). All
heat flows showed the transient process from thermal
equilibration of the calorimetric vessel to a metabolic heat
signal. This kind of transitions led apparently to strong
baseline drifts at the beginning of the signal and compli-
cated the whole data evaluation because arbitrary base-
line corrections are necessary to quantify the
corresponding detection times correctly. In order to avoid
baseline corrections, we calculated the first derivative of
the heat flow signals (Fig. 4C). The first derivative pro-
vided a good baseline (the flat line linking the two effects).
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Further information (such as maximum specific growth
rate, total heat generated and the duration of the lag
phase) can be derived from the integration of the heat flow
signal and the parameter adjustment to the Gompertz
model (eq. 4, see Supporting information). The integrated
heat curves can be seen in Fig. 4D. The integrated curves
show typical sigmoidal behaviour. The exponential part
corresponds to the growth/proliferation phase of the bacte-
ria. Reaching the plateau indicates that the existing media
(e.g. oxygen and substrates) are depleted.

Improved data evaluation

To illustrate the effect of baseline correction, Fig. 5A shows
the uncorrected (red) and baseline-corrected (black) heat
flow signal. The interfering endothermal signal obviously
has a significant influence on the definition of the baseline
and thus on the detection time.

Fig. 5. Problems and improvements in data evaluation.

Fast calorimetric detection of Legionella 1267

The uncorrected baseline reaches the threshold value
(2 uW, dotted line) approx. 1.5 h later than the baseline-
corrected signal. If a linear baseline is to be assumed, two
points are needed where the heat production rate is set to
zero. One point is obviously after the metabolism is fin-
ished. Here, a final signal appeared, which is approxi-
mately in the expected range of 0 uW with a signal noise
of approx. (£ 0.2 uW) as described for the used calorime-
ter type (TAM lIl, www.tainstruments.com) (Fig. 5B). The
other point should be the beginning of the metabolically
determined heat flow signal. However, it is difficult to
define this point because the signal is interfered by the
thermal equilibration (Fig. 5C). The data evaluation pro-
posed by us, simple to practice, considers the first deriva-
tive of the total signal with both effects (thermal
equilibration and metabolic activity) (Fig. 5D). The result is
a broad minimum between the two effects, which can be

A. Total heat flow over time without (red) and with baseline corrections (black).

B. End of the heat flow signal.

C. Beginning of the heat flow signal. Due to incomplete thermal equilibration, the beginning suggests negative heat flow. The black curve with
baseline correction results in a detection time of 24.1 h, whereas the uncorrected red curve gives a longer detection time of 25.3 h.
D. The first derivation of the heat flow signal obviating the need for baseline correction.
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taken to define a comparatively constant baseline. Due to
the on-line character of the heat signal, the measuring
points can be placed very tightly, which enables good sig-
nal smoothing (Savitzky—Golay filter, 200 measuring
points) and thus good differentiation.

Dependence of the detection speed on
L. pneumophila concentrations

We obtained a linear relationship when plotting the
detection time against the logarithm of the initial bacterial
concentration (Fig. 6A) according to Eq. 3.

Using this correlation, it is now possible to determine
the initial bacterial concentration for each unknown sam-
ple of L. pneumophila. In order to demonstrate that this
linear relationship is not a question of the threshold defi-
nition, we additionally determined the corresponding
detection times at different threshold values &(f) = 5, 10,
100 uW as well as at the maximum of the heat flow

signal @nax. The results are summarized in Fig. 6B and
all thresholds show the aforementioned linear depen-
dency. To demonstrate that the improved data evalua-
tion might ease the whole evaluation process, the
detection time was also determined for the first derivative
of the respective heat flow signals (threshold:
0.75 uW h™"). In this way, a reduced detection time is
obtained (approx. 1 hour).

Characteristic quantities derived from heat flow
measurements

All information received from Fig. 4 is compiled in
Table 1. A comparison of the specific growth rates
shows that there is no significant relationship between
the growth rate and the initial bacterial concentration
according to the expectations expressed in Eq. 3. Based
on the growth rates, the doubling times ty between 4.2
and 4.6 h were calculated. These doubling times are in

Fig. 6. Summary of the data evaluation of the concentration-dependent measurement.
A. Best-fit line with border-straights (lower and upper limit of the slope) plotted by the initial bacterial concentration and the detection time for a

threshold value at 2 pW.
B. Best-fit lines for different threshold values.

Table 1. Summary of the derived data from the heat flow measurements.

10 CFU;
1.0 x 10° CFU/100 ml

3.6 CFU;
3.6 x 10* CFU/100 ml

972 CFU®; 118 CFU;
9.7 x 10° CFU/100 ml° 1.2 x 10% CFU/100 ml
Integral
Hrmax/h™! 0.1650 + 0.0005 0.1496 + 0.0004
QraxlJ 11.97 + 0.01 12.33 + 0.01
v/h 42.65 + 0.01 49.25 4+ 0.01
Measured data
Drnax(H/uW 190.7 (44.1 h) 180.3 (50.3 h)
[ 241 30.6

0.1500 + 0.0002 0.1507 + 0.0004

12.23 + 0.01 12.41 + 0.01
54.87 + 0.01 62.93 + 0.01
178.9 (54.9 h) 186.6 (64.2 h)
37.8 44.9

a. Threshold value: 2 pW.
b. Number of bacteria per ampoule.
c. Enrichment due to the ISO 11731:2017 specification.
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good agreement with literature data (4 to 6 h) (Donohue
et al, 2014). The total amount of heat can easily be
derived from the integral of the heat flow signals
(Fig. 4D). The magnitude of Qmnax can be estimated by
using the oxycaloric equivalent Ay - Ho, = -
(455 + 25) kd-mol™" O, (Gnaiger and Kemp, 1990). The
volume of oxygen in the headspace was approx. 3 ml.
The theoretical heat evolved during aerobic growth is
(11.2 + 0.6) J and thus in good accordance with our
finding of 12.0 to 12.4 J (for the calculation, see Sup-
porting information). The lag time y correlates indirectly
with the initial bacterial concentration. The parameter of
the Gompertz equation might be a powerful tool for the
quantification of the susceptibility of L. pneumophila to
antibiotics or biocides. Energy-dependent efflux pumps,
for example should express themselves in a change of
Qmax, While bacteriostatic agents should be recognizable
by an extension of the lag time y and a reduction of the
specific growth rate ymax-

The maximum heat flow demonstrates that only small
amounts of medium (1000 plL) and a small volume of air
(3000 ul) are sufficient for these fastidious bacteria to
grow in such a way that enough heat is evolved, to be
detected even by less sensitive calorimeters. The great-
est benefit of the calorimetric method is faster detection
(24 to 45 hours depending on initial bacterial concentra-
tion) than by conventional cultivation on plates (3 to
7 days). Depending on the initial bacterial concentration,
detection within one day is also possible. If one consid-
ers less sensitive calorimeters, with a thermal detection
limit of only 10—100 pW, detection times for 100 CFU/mI
between 56 and 63 h will be achieved. IMC experiments
do not require counting and handling plates thus led to a
reduction in workload. Additionally, closed ampoules
support safer handling of pathogenic bacteria (Braissant
et al., 2010).

Conclusion

In summary, our data demonstrate that IMC might be a
powerful analytic tool for fast and reliable detection of
L. pneumophila. Critical concentrations (100 CFU/ml)
can be detected after two days and concentrated sam-
ples (> 108 CFU/100 ml) resembling harmful doses can
be detected within a few hours up to one day. Regarding
the analytical procedures of L. pneumophila, an on-line
warning might be easily integrated when using
microcalorimeters for detection. In addition to the short
detection times, the main advantages of calorimetric
detection are easy handling and easy data evaluation.
From a legal point of view, it might be important for
approval that our method is consistent and compatible
with 1SO 11731:2017 protocol as only the detection
deviates.

Fast calorimetric detection of Legionella 1269

Isothermal microcalorimetry, a non-specific method,
becomes highly selective through the application of
chemical and thermal pre-treatments (Leoni and Leg-
nani, 2001) and the use of selective media (Descours
et al., 2014). The application of membrane filtration as
an enrichment process and subsequential cultivation with
the aim of shortening detection times was firstly demon-
strated in liquid medium by Brueckner and co-workers
using IMC (Brueckner et al., 2017). Recently, heat flow
measurements demonstrating the potential of membrane
filtration were performed on solid medium after enrich-
ment via membrane filtration for anaerobic cultures
(Fricke et al., 2019). In the case of L. pneumophilia addi-
tionally, the availability and the transport of oxygen from
the gas to the liquid phase have to be considered
because the calorimetric vessel is usually airtight closed
and unstirred. However, from first experiments with
P. putida mt-2 KT2440 we know that the membrane
technique also works for aerobic cultures in liquid and
on solid media (unpublished results). In the face of
Legionella detection, this might be of significance since
the ISO 11731:2017 prescribe for samples containing
low initial number of Legionella enrichment by membrane
filtration.

Uncertainties in the definition of the thermal threshold
can be overcome by evaluating the 1st derivative of the
heat flow might instead of the thermal signal itself.

In order to make this technology applicable for
microbiological-analytical purposes, three main practical
aspects are important: First, microcalorimeters have to
be developed specifically for clinical microbiological
issues. For instance, conventional IMC cover a large
temperature range (e.g. 15-150°C in case of the TAM
Ill, 5-90°C in case of TAM Air (www.tainstruments.c
om), 5-70°C in case of BioCal 2000/4000 (www.calme
trix.com)) at the expense of a high price of the instru-
ment or limited thermal sensitivity. For most clinical
applications, a narrow temperature range around 37°C
will be sufficient improving these specifications. This
idea has already been taken up, during the develop-
ment of a multichannel instrument like the calScree-
ner™ (37°C, www.kan-tht.com/images/pdf/calScreene
r4page.pdf). Second, the small tubes usually applied in
calorimetry differ in size and sample vessel surface
considerably from conventional Petri dishes, which
allow an easy follow-up analysis of the colony mate-
rial. Third, the throughput of conventional calorimeters
still does not meet the requirements of commercial lab-
oratories (Maskow et al, 2012; Braissant et al.,
2015a,2015b). A calorimeter with a moderate price that
allows the application of conventional cultivation con-
tainers and high-throughput measurements would cer-
tainly find broad acceptance for L. pneumophila
analysis, particularly since calorimetry complies with
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the enrichment and cultivation conditions fixed in the
ISO 11731:2017.

Experimental procedure

Legionella pneumophila ATCC 33152 (Guangdong
Microbial Culture Center, GDMCC, Guangdong, China)
was used for the calorimetric investigation. The strain
was cultivated on BCYE (buffered charcoal yeast
extract) medium, which is composed of (in g I''): char-
coal (2), yeast extract (10), agar (15), ACES buffer (5),
KOH (1.4), iron pyrophosphate (0.125), potassium-o-ke-
toglutarate (2) and L-cysteine hydrochloride (0.2). The
pH value was stabilized to 6.8 + 0.5 by the ACES buf-
fer. A few colonies of a pre-grown Petri dish were used
for liquid pre-culture of L. pneumophila on BYE-broth
(without charcoal), which was incubated overnight at
37.0 £ 0.2 °C (HQ45Z, Zhongke Scientific Instrument
and Technology Development Co. Ltd., Wuhan, China)
and cells were harvested immediately before the calori-
metric experiment was performed. The identity of the
species was regularly checked by the morphology of the
colonies.

The calorimetric measurements were performed in
4 ml glass ampoules in a high-performance IMC (TAM
lll, TA Instruments, New Castle, DE, USA). The
ampoules and caps were autoclaved at 121°C for
40 min and then filled with 1000 ul warm (~ 50°C), mol-
ten BCYE-agar medium, closed and stored at 4°C. The
prepared glass ampoules with the solid media were
cooled down to room temperature before the bacteria
were added to the medium. Meanwhile, starting from
the pre-culture (ODggo = 0.18, 1:10 dilution) a dilution
series was performed in 1:10 dilution steps (dilution fac-
tor f, = 10°-10%). 10 pl of each dilution step was added
into a glass ampoule. After adding the bacteria, the
glass ampoules were closed and set into a pre-heating
position (to reach thermal equilibrium) for 15 min in the
IMC. In the last step, the glass ampoules were pushed
into the measuring position and after further 45 min (to
reach thermal equilibrium), the heat flow signal was
recorded.
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Fig. S1. Heat over time diagram. The black line describes
the integrated heat signal determined by metabolic activity.
The red line shows the Gompertz fit.

Fig. S2. The schematic structure of the ampoules for moni-
toring L. pneumophila growth.

Table S1. Summary of the physical quantities for calculating
the total heat production.
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3.2 Numerical heat flow and transport simulation as a development tool for
the design of isothermal microcalorimeters

Fricke C, Klee T, Richter S, Paufler S, Harms H, Maskow T. (2021)
Numerical heat flow and transport simulation as a development tool for the design of isothermal mi-
crocalorimeters

Thermochim. Acta (submitted, Original research)

Significance: Detection of bacteria by calorimetric measurements is usually performed in commercial
high-performance microcalorimeters with precise temperature control systems. Unfortunately, such
calorimeters were designed for low detection limits of the heat flow and not for optimum bacterial
growth. Since the smallest temperature differences need to be measured, it is essential to develop such
a micro(bio-)calorimeter to gain as much information as possible about the calorimetric system during
the design phase. Testing under laboratory conditions usually provides only little discrete information
about the entire system, such as local temperature in the heat sink (determined by a temperature sen-
sor). In order to overcome this issue, the submitted manuscript presents numerical heat flow and
transport simulations of an early-stage micro(bio-)calorimetric test system specifically designed for
routine microbiological analysis. The performance of the test system was investigated under laborato-
ry conditions. Internal and external sensor data (time-dependent temperature and voltage profiles)
were evaluated at local and discrete points within the system.

Further information, especially concerning spatially temperature distributions, was obtained from a
reconstructed 3D numerical model of the test system. Numerical heat flow and transport simulations
revealed weak points of the test system, which cannot be obtained under laboratory conditions. Exper-
imental data validated the predictive power of the 3D numerical model. Finally, preliminary simula-

tions addressing optimization of the test systems were conducted in advance.
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Numerical heat flow and transport simulation as a development tool
for the design of isothermal microcalorimeters

Christian Fricke', Toralf Klee?, Sven Richter?, Sven Paufler!, Hauke Harms!, Thomas Maskow'

! Helmholtz Centre for Environmental Research — UFZ, Permoserstrale 15, 04318 Leipzig, Germany
2 Loetec Elektronische Fertigungssysteme GmbH, Dresdener StraBe 28, 06886 Lutherstadt Wittenberg

Abstract: Numerous processes in biology and chemistry are accompanied by heat emission or
consumption, which can be measured by isothermal microcalorimetry in the nano- to microwatt range
and used to quantify the corresponding stoichiometry and kinetics. Sometimes these applications require
special isothermal microcalorimeter (IMC), which are unaffordable e.g. microbiological routine testing.
The design, construction and optimization of an IMC can be tedious and cost-intensive. It is thus
suggested to accelerate and fasten the development process by numerical simulation using the finite
element method (FEM). The FEM provides a complete picture of all energy and material fluxes not only
temporally but also spatially resolved, which are difficult to determine experimentally.

In the present work, numerical simulations starting from a rough computer design of an IMC test system
were performed and combined with experimental investigations using a physical test system under
laboratory conditions to better understand the heat flows in the IMC and to support the development
process towards a high-performance customized IMC. A representative detailed 3D model of our
physical test system was created and the numerical simulation results are compared by the measured
data of the physical test system. Using our 3D numerical model, we can now simulate modifications to
progressively enhance the performance of the current physical test system. We conclude that numerical
simulations can help to reduce the time and costs associated with the development process of customised

IMCs.

Keywords: Isothermal Microcalorimeter, CFD, heat flow and transfer, finite element method

Introduction
The development of high-performance isothermal microcalorimeters (IMCs) based on the heat

conduction principle has a long tradition. The calorimeter developed first by Tian (1923) and further
improved by Calvet (1948) can be seen as the beginning of modern IMCs [1-3]. The development
process at that time is well documented by Calvet and Prat [4]. Since then several microcalorimeters for
a wide variety of applications were designed and constructed [3, 5-12]. The focus of these works was
on the design of components, the performance of heat flow sensors (tested by calibration) and the
suppression of parasitic heat flows of the overall system [13-17]. Nowadays, hardly any making of
process-specific calorimeters is described and the development of commercially available

microcalorimeters is largely kept undisclosed [18] (except for those [19, 12]).
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In general, an IMC is composed of a measurement unit that consists of three components: i) a
calorimetric vessel in which the investigated process takes place, ii) a heat sink whose temperature is
precisely regulated at the desired operating temperature and iii) a heat flow sensor, which links the vessel
and the heat sink [17, 20]. If there is a significant change in temperature caused by any physical,
chemical or biological reaction in the vessel, a temperature gradient is formed over the heat flow sensor
[1]. Heat flow from the vessel to the heat sink or vice versa correspond to an exothermic or an
endothermic reaction, respectively [5, 21]. Thermoelectric generators (i.e. thermopiles) were widely
employed as heat flow sensors [22]. To ensure measurements of heat flows in the range of a few
microwatts, the measurement unit has to be well isolated from the surrounding and parasitic heat flow
kept to a minimum. Besides, the temperature control unit has to precisely regulate the power output of
heating elements to achieve very accurate temperature stability [3].

Since the smallest temperature differences are measured, the temperature distribution in the entire
system plays a key role [19]. However, this is often difficult to capture during the construction process
due to the complexity of the calorimetric system and therefore only individual and local temperatures
of components can be measured by internal temperature probes (e.g. Pt100 sensors). Moreover, it may
prove difficult to quantify all relevant heat flow paths experimentally in full detail. To overcome this
bottleneck in the construction process of microcalorimeters, we propose to apply finite element method
(FEM) computational simulations as a development tool for IMCs. Briefly, in FEM the considered
object is split into many small but finite elements. For each element node, a set of ordinary and partial
differential equations (ODE and PDE) describing the underlying physical processes and characteristics
such as heat transfer, computation fluid flow (CFD), structural mechanics etc. are solved [23] based on
defined initial and boundary conditions [24].

Only a few published studies used numerical simulations to investigate heat transfer and temperature
distribution in microcalorimeters. For instance, Vilchiz et al. investigated the heat transfer during gas
dosing experiments in a 2D (two-dimensional) and 3D (three-dimensional) model of a Tian-Calvet
microcalorimeter [25]. In the numerical study of Koci et al., the calibration of a virtual 3D model of a
real isothermal heat flow calorimeter was simulated [26]. Gonzalez-Duran et al. performed numerical
CFD simulations of a 2D model to analyse the geometry of a combustion chamber for developing a
reference calorimeter [27]. These studies only addressed specific issues and selected components of the
respective instruments. To our knowledge, there are no numerical simulations that address the entire
complexity of an IMC, including the temperature control systems, and therefore might apply to any type
of customized IMC.

In order to examine the extent to which FEM can describe heat flows and temperature distributions in
an IMC and even be used for optimization, we developed a 3D numerical model in COMSOL
Multiphysics® and a corresponding real-world test system of an IMC specifically designed for
microbiological analysis. By performing numerical analyses of the 3D model and selected compounds

we were able to simulate the 3D temperature distribution in the entire calorimetric system and to test
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modifications of the system. Comparison of the simulations with temperature measurements at selected
points verified the adequacy of our model. Based on the comprehensive insight into the temperature
distribution in the system we were able to analyse the weak points of the test system as well as to

gradually introduce improvements.

Material and Methods

Design of the IMC-test system
The studied IMC-test system (670 x 351 x 261 mm) was manufactured by KEK GmbH and Loetec

Elektronische Fertigungssysteme GmbH. That system is divided into two separate thermal zones to
shield the measuring point from environmental temperature fluctuations (schematic section through the
instrument in Fig. 1). The borders of the outer zone are indicated by orange lines and those of the core
zone by red lines. Arrows in the outer zone indicate the direction of airflow caused by an internal fan
heater (Piccovent 70 W, RO/SE Blechverarbeitung GmbH & Co. KG, Bad Birnbach, Germany). The air
domain in the outer zone is heated by the heating element of the fan (Fig. 1 left). This heating element
is regulated by a PID controller. The actual temperature in the outer zone is measured by an internal
negative temperature coefficient (NTC) sensor (Amphenol Advanced Sensors Germany GmbH,
Pforzheim, Germany), which is located on the lower right side of the test system. The operating
temperature is set to 37 °C which is routinely used for many applications in microbiological analysis.

The IMC-test system has three measuring channels (arranged in a row). Each channel consists of an
upper part (aluminium) containing the sample holder (polyamide, PA) and a lower part (PA). The latter
is located in the core zone directly on top of the primary aluminium heat sink (300 x 300 x 30 mm). This
lower part of the channel encloses the actual measuring unit, a high-performance heat flow sensor (TGP-
651, Micropelt GmbH, Freiburg, Germany). The bottom of the heat flow sensors is thermally bonded to
the primary heat sink which provides a constant reference temperature for the sensor elements. Petri
dish like sample containers of different sizes and geometry can be placed on the top of the sensors and
thus fulfil the criteria for conventional microbiological analysis. Both the core as well as the outer zone
are surrounded by insulation plates (a sandwich construction made out of acrylonitrile butadiene styrene,
ABS, and air-filled honeycombs). The temperature of the heat sink is controlled via a PID control loop
using an NTC located directly below the central measuring channel as a sensor and a thermoelectric
cooler controller (LTC 1923, Linear Technology, Milpitas, California, USA) with two Peltier modules
(20 x 20 mm, CP60240, CUI Devices, Lake Oswego, Oregon, USA) as an actuator. The signal flow
diagram is shown in Fig. 2. An additional NTC sensor is located below channel 1. The heat generated
on the opposite side by the Peltier module is dissipated via the auxiliary heat sink (138 x 50 mm, SK466,
Fischer Elektronik GmbH & Co. KG, Liidenscheid, Germany). In addition to those actuator Peltier

modules, two heater foils (THF-5095, Reichelt Elektronik, Sande, Germany) are used to support the
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heat-up phase of the primary heat sink until the desired set temperature (37 °C) is reached (not shown

in Fig. 1).

Figure 1: Section through the IMC-test system (orange line — outer thermal zone, red line — inner thermal zone).

The data acquisition and control unit with a graphical user interface is located in an external module
connected to the IMC-test system. Temperature values and voltages of all NTC sensors and heat flow
sensors, respectively, are displayed numerically and graphically in real time. All recorded data are stored

in a database with the associated timestamp that can be assessed externally.

T set.Hs TEC controller Driver Peltier elements Primar
- — 3 3| Mosfet H-Bridge + 3 CUI CP60240 — heat Sinyk o
>~ Error Lrc 192 PWMTEC Low Pass Filter heat/cool PtDD
T_Hs as NTC sensor
voltage across NTC primary heat sink

Figure 2: Signal flow diagram of'the control loop in the microcalorimetric test system using the TEC controller, which regulates
the temperature on the primary heat sink.

Experimental procedure

Performance test
In order to determine the overall performance of the IMC test system, the calorimeter was run for approx.

72 h (long-term response). All experiments started at room temperature (20 to 23 °C) to ensure equal
starting conditions. During this test phase, the following parameters were determined: time to meet set-
temperature of air and heat sink, the temperature stability of the heat sink as well as the performance of
the heat flow sensors.

In addition to the three internal temperature measuring points, three flexibly positionable Pt100 sensors

(1/3 DIN 4-wire thin-film platinum sensors connected to the LabBox (HiTec Zang GmbH,
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Herzogenrath, Germany)) were installed to measure the temperature profile at various points in the test
system. The calorimeter was again tested for approx. 6 h (short-term response, sufficient to reach
thermal equilibrium) starting at room temperature. In this way, we were able to roughly map the
temperature distribution in the test system. All data, both internal and external, were evaluated in
OriginPro 2018 (OriginLab Corporation, Northampton, USA). For details, see supplementary material,
SM.

Numerical model of the IMC-test system
The FEM simulations were run on COMSOL® Version 5.5 (COMSOL Multiphysics GmbH, Géttingen,

Germany). Fig. 3 illustrates the three-dimensional geometry reconstructed in the simulation software.
The material assignment of all components is given in Tab. S1 in the SM. All components have been
created true to scale from a CAD design. The dimensions of the individual components were determined
in Autodesk® Inventor Professional 2017 (Autodesk, Mill Valley, California, USA) and incorporated as

input for the creation of the 3D model in the simulation software.

Figure 3: The geometry of the 3D numerical model. Insulation plates were removed to visualise the internal details of the 3D
model.

Nevertheless, the following simplifications were made: insulation plates were rebuilt only of one
material instead of an air-filled sandwich structure. Holes, screws, wires and bar magnets were
neglected. The sample holder structure was simplified through a cylindrical stopper. Heat flow sensors,
Peltier modules, heater foils and the air heater were reconstructed simplified. The interior fan is
displayed as a square surface at the lower end of the air heater. These simplifications and neglections
have two reasons. First, the elements have little or no influence on the physical properties of the system.
Second, these fragmented components exhibiting many small domains, which would increase the

computation time enormously.

Modelling and simulation
The simulations were separated into two different phases. In the first phase, the performance and

interactions of the most important components were studied focusing on the heat sink configuration and
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its temperature regulation via the Peltier modules and the respective feedback control loop (see chapter
S4 and S5 in the SI). Here, the method for determining the control parameters is demonstrated. The
obtained results are used for the control loop on the heat sink in the complete model simulation.
Additionally, the temperature distribution in the upper part of the model was investigated in detail, as
this strongly influences the behaviour of the measurement channels. For this purpose, the velocity
magnitude of air flowing through the fan was first determined in a preliminary simulation (see for details
chapter S6 in the SI). The numerical solution obtained then served as input for the simulations of the
temperature distribution in the upper part.

The second phase analyses the temperature distribution of the complete test system. In particular, such
temperature distributions are considered that cannot be obtained experimentally, such as on the heat sink
or the cross-section through the entire test system. Therefore, all heating elements (see Tab. 1) and their

control loops were included in the numerical simulation.

Table 1: Heat source components, their power output and control loop parameters applied in the numerical simulations

component Parameters controller COMSOL implementation
Pl qmax = 13.8 W, qmin =-13.8 W ODE and DAE interface, PID
eltier®
Kpi =162, K1 =18, Kg1 =0, PI interface with domain point probe as
modules _
Tu®=25s, Teu =310.22 K input temperature

(max = 70 W, (min = ow

) Kp2 =15.25, Kix=0.19375 _ _ . .

air heater® Ko 75.5. T 5 PID interface with domain point probe as
2= D, Ip =38

Tz =310.15K

ODE and DAE interface, PID

input temperature

ODE and DAE interface, Event

heater foil | qon =5 W const. on-off interface for on/off switch with

domain probe as a temperature input

2PI controller parameters are determined in the present work.
"PID controller parameters were determined experimentally under laboratory conditions.
¢ time tracking constant

For simplicity, we assumed an on-off controller for the heating foils, although a PID controller was used
in the test system because in practice the PID controller delivers almost 100% heating power below the
setpoint and almost 0 % above it (see Fig. S4 in the SM).

For the consideration of all physical effects of influence, a programme in COMSOL using two interfaces
was written. The airflow regime caused by an interior fan of the air thermostat was computed in
stationary study steps using the fluid flow interface. For the sake of simplicity and to reduce
computational effort, we assumed laminar flow. Heat transfer phenomena like conduction, natural and
forced convection (the latter strongly occurred on the heat source of the fan heater) were mostly solved

time-dependent in a second study step with the heat transfer in solids and fluids interface. Both
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interfaces are coupled in the non-isothermal interface. In the case of the upper part, we performed one-

way coupled stationary studies of laminar flow and heat transfer, to reduce the computational time [28].

Governing equations and boundary conditions
Solid physics - Heat Transfer
Solid physics are restricted to the heat transfer interface. The conductive heat flux is assumed to

dominate and to obey Fourier’s law:
q = —kVT (D

Where k is the thermal conductivity (in W-m'-K™), ¢ is the heat flux (in W-m?) and VT is the
temperature gradient (in K-m™). The development of the temperature field is computed by solving the
heat balance:

aT
pcp a

=V-(kVT)+Q )
Where p is the density (in kg'm?), C, the specific heat capacity (J-kg'-K™'), and Q the sum of heat
sources (in W-m™). All material-dependent constants used are provided in Tab. S1 in the SM. Potential
contributions of heat radiation are neglected. The following initial and boundary conditions were

defined. The initial temperature was set to 294.15 K (ambient temperature under laboratory conditions).

The heat exchange with the environment is assumed as convective heat flux go (in W-m?, eq. 3).

qo = h - (Texe = T) 3)

Where 7 is the heat transfer coefficient (in W-m™-K™") and Tex the external temperature (in K). In order
to model laboratory conditions, 4 and T.x were parameterized to 20 W-m-K-' [25] and 294.15 K. All
heat sources were assigned by a heat rate Py (in W) that corresponds to the regulated power output. In
the case of the air heater and the Peltier modules, the heat rate is a variable of the implemented controller

algorithm (see Tab.1).

Fluid physics - Laminar Flow
The physics of fluid motions are described by the Navier-Stokes equation (eq. 4, conservation of

momentum). By solving this equation together with the continuity equation (eq. 5, conservation of mass)
and the energy equation (eq. 6, conservation of energy) we can predict the air velocity, pressure and
temperature in our numerical model. To simplify the complex nature of fluid dynamics in our numerical
model, we made the following assumptions in respect to the fluid flow regime: 1) incompressible, ii)
laminar and iii) steady. These assumptions were made mainly to reduce the computation time and to
achieve convergence of the numerical model. Further assumptions are made regarding the

incompressibility (see below). Viscous heating is neglected.

pu-V(u) =—-Vp+ uV?u+F 4)
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V-u=0 (5)
pCy s+ pCyu- VT = V- (KVT) + Q (6)

Where p (in kg'm™), u (in m/s), p (in Pa) and u (in Pa's), C, (in J-kg"-K'1), & (in W-m!-K™!) are the fluid
density, velocity, pressure, dynamic viscosity, specific heat capacity and thermal conductivity,
respectively. 7 stands for the temperature. /" and Q represent the volume force as well as the sum of all
heat sources.

The fluid velocity is formed on the interior fan. The fan is defined as an interior boundary, which is
composed of an in- and outlet [29]. Here, a pressure difference between the inlet and outlet of the fan
caused the fluid velocity (eq. 7). The pressure difference is a function of static pressure, p,¢ (in Pa) as

well as flow rate, Vg gq (in m*-s™).

Appe = f(PnsVoga) = [p —n"Kn + p(u-n)?]* (7)

Where n is the normal vector, p (in kg'm™) the density, p (in Pa) the pressure. Both parameters were
taken over from the datasheet of the fan (Maglev Motor fan, MF40202V1-1000U-A99, Sunon,
Kaohsiung, Taiwan). We added an additional pressure point constraint to the air domain to define the
reference pressure po. Again, to obtain a unique numerical solution by solving the eq. 4-6 for our
numerical model, we have to determine initial and boundary conditions. The velocity field u(z = 0), as
well as the reference pressure po (¢ = 0), was initially set to 0. Finally, by default settings, the no-slip

boundary condition (eq. 8) on the walls is applied.
u=20 (8)

This boundary condition considers that the velocity of the air domain becomes zero at the boundary.
Due to the different heat sources, forced and natural convection is occurring in the fluid flow regime.
Natural convection occurs through density variations caused by different temperature fields in the air
domain. The latter phenomenon cannot physically be described by eq. 4. However, when gravity is

considered, the Navier-Stokes equation is extended through the buoyancy force:
pu-V(u) = —Vp + uV?u + pg 9)

Using the Boussinesq-approximation (a detailed derivation is found in [30]) density variations in the

buoyance term can be considered and the Navier-Stokes equation leads to:
2 T-T,
pou - V() = —VP + uWu—po——g (10)

Where py is the reference density (in kg'm™), Tp the reference temperature (in K), g the gravitational

constant, P represents the pressure shift (in Pa) expressed by the elevation 4 (in m):
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P =p+pogh (11)

Results and discussion

Experimental performance test of the test system
To investigate the overall performance of the test system, we evaluated the data obtained from the

internal sensors (temperature and heat flow sensors) as well as from the supplementary (external) Pt100
sensors. In total, we measured the local temperature at 12 different positions (all external positions are
displayed in Fig. 4) and the generated voltage of the heat flow sensors. The obtained data were compared

with the simulation results to validate the 3D numerical model.

Figure 4: Positions of all external temperature sensors located in the test system. A): Location of the Pt100 sensors connected
to the channels. B and C): Location of the Pt100 sensors in the upper part of the test system. D): Location of the Pt100 sensors
in the lower part of the test system.

Evaluation of internal sensors
Based on the signal flow diagram in Fig. 2, the measured temperatures on the heat sink and in the air

domain were evaluated. The obtained temperature profiles are shown in Fig. SA and the most valuable
data (the heat flow) that can be internally extracted is the voltage of the heat flow sensors (HFS, Fig.
5B). The voltage signal from the heat flow sensors Uyrs (in V) is given by:

Unrs = ATyps - @ (1)
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Where o (in V-K™) is the Seebeck coefficient and ATurs (in K) the temperature difference between the
top and bottom of the HFS. Consequentially, the resulting voltage depends on material properties and
the temperature gradient above the sensor. Since a is a constant it becomes obvious that fluctuations in
the sensor signal are caused by temperature fluctuations occurring on the heat sink (in contact with the
bottom side of the sensor) and the temperature of the air in the measuring chamber (in contact with the
sensors top side). The desired operating temperature of 37 °C was achieved after approx. 3 h (see Fig.
5A). The mean air temperature (after thermal equilibration, considered time interval 6 to 72 h) was
(37.00 £ 0.08) °C. The mean heat sink temperature measured at the two NTC sensors (after thermal
equilibration, considered time interval 6 to 72 h) were (37.072 £ 0.001) °C and (37.107 + 0.001) °C (for
details see SM).

Figure 5: Summary of all obtained data from the internal sensors during the run-in phase of the test system. A: Temperature
on the primary heat sink (T1_heat sink, black curve and T2 heat sink red curve) and of the flowing air (T3 _air, blue curve). B:
Generated voltage on the heat flow sensors (HFS1 green curve, HFS2, purple curve and HFS3 yellow curve).

After approx. 6 h a constant baseline at each HFS was achieved. Interestingly, the mean voltage signal
varied strongly among the different HFS. The voltage profiles of HFS2 and 3 are almost equal. However,
HFS1 showed the opposite profile. Even the sign between HFS1 as well as HFS2 and 3 is different. In
general, two issues are affecting the generated voltages at the HFS. First, as mentioned earlier, there are
time-dependent variations in temperature that have a direct impact on the variation of the voltage over
time (detailed evaluation is given in the SI). In order to minimize such variations, better insulation to
the environment and improved control of the temperature in the outer zone can be used. Second, signal
differences between the three HFS are caused by spatial temperature gradients. Since Unrs is
proportional to ATwyrs (see eq. 11), we can calculate ATwrs by using the Seebeck coefficient of the TEGs
(o = 60 mV-K™"). As a result, we obtained temperature differences for HFS 1 of -80 mK (the top is
warmer than the bottom side), for HFS 2 of +40 mK and for HFS 3 of +100 mK (in both cases is the top
colder than the bottom side). Unfortunately, from our experimental data, we cannot localize the cause
of these temperature differences among the HFS. Therefore, FEM simulations are crucial to visualize
spatial temperature gradients on the one hand and to test solutions by simulations in advance to improve

the spatial temperature distribution on the other hand. The different voltage profiles, as well as the
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differences in temperature between the heat flow sensors, will be explained in more detail when we

consider the corresponding heat transfer simulation results.

Evaluation of external sensors
Even if the internal data already revealed some information about the temperature distribution, this

information is mainly restricted to the inner zone of the test system. To obtain local temperatures in the
outer zone, we added external Pt100 sensors (see locations in Fig. 4). The mean steady-state
temperatures for the measuring point are mapped in Fig. 6. The corresponding temperature profiles are
given in the SM. By using the external sensors we get a more accurate estimation of the performance of
the test system and at the same time, we can use the measured temperatures for the validation of our
numerical model. By solving the heat transfer and fluid flow equations numerically in our 3D model,

we can explain the underlying causes of the measured effects by the internal and external sensors.

Figure 6: Steady-state temperatures of all external Pt100 sensors in the IMC test system. A: Local temperatures in the upper
part. Three sensors were placed on the wall of the channels. Two sensors were located next to the reference (Ch2) channel and
a third sensor was placed in the centre of the transition between the upper and lower part. B: Local temperatures in the lower
part. One sensor was located below the auxiliary heat sink. The second sensor was placed next to the internal NTC sensor that
measures the temperature in the outer zone and the third sensor was placed on at the level of the fan.

Figure 6 shows large temperature differences ranging from 31.7 °C (in the outer zone, lower part) to
43.5 °C (in the upper part, next to the reference channel 2). The lowest temperature (31.7 °C) is caused
by the Peltier modules that regulate the temperature of the primary heat sink. Since this cool spot is
below the core zone no influence on the performance of the overall IMC system is expected. However,
strong temperature differences were also observed in the upper part. Depending on the location of the
external Pt100 sensor (at the level of channel 2), temperature differences (in steady-state) of 4 °C were
observed (39.4 °C left side vs. 43.5 °C right side). Again, we will discuss the influence of these

deviations on the overall system in the context of the numerical simulation results. The temperature
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difference between channel 1 and channel 2 or 3 can simply be explained by the lateral arrangement of

the channels related to the fan heater.

Numerical results
As the test system is restricted to three internal temperature probes that are used as input signals for the

temperature control loops. Only at those three discrete points, the temperature can be measured to
characterize the system. Consequentially, spatial temperature gradients, heat accumulations and thermal
bridges cannot be detected system-wide without installing additional sensors. However, all these
phenomena affect directly the performance and thus the sensitivity of heat flow measurements by the
sensors. Especially, variances regarding voltage signals between heat flow sensors remain inexplicable.
In the following, numerical results from two selected models are presented. In order to understand the
different behaviour of the heat flow sensors (see data obtained under laboratory conditions, Fig. 5B),
heat flow and transfer simulations of the upper part are conducted. Additionally, modifications of the
upper part are simulated in advance to demonstrate the predictive power of numerical simulations.
Finally, to get insight into the overall temperature distribution, the complete model was solved
numerically. Here, control parameters obtained from simulations of the control loop of the heat sink (see
chapter S4 and S5 in the SI) are used for this simulation. To validate our numerical results temperatures

are compared with experimental data.

Temperature distribution in the upper part
As the experimental data already revealed, strong temperature gradients can be observed in the upper

part of the IMC test system (see Fig. 6A). Since the temperature of the channels has a significant effect
on the heat flow sensors, simulations were performed on the upper part of the calorimetric system. The
numerical results are validated by experimental data and possible modifications in the upper part are
simulated with the aim of lower temperature differences between the channels and thus more equal
responses of the heat flow sensor.

In a preliminary study, the velocity magnitude v (in m's™', the magnitude of the velocity vector «) on the
boundary condition that represents the interior fan in our numerical model was determined (for details
see SI). Through this study, we were able to implement the average velocity magnitude v =4.2m-s’!
as an inlet boundary condition at the height of the fan position. Thereby, we simplified the entire
simulation to the upper part without having to recreate the complete airflow in the test system.
Consequentially, an outlet boundary condition was set at the transition between the upper and lower
part. The considered geometry of the upper part of the calorimeter is shown in Fig. 7. In a stationary
study, the local temperature distribution was simulated with particular emphasis on the temperature
profiles of the channels.

The temperature distribution across the channels for the initial test system is shown in Fig. 7A. The
numerical results are in good agreement with the experimental data and confirm the validity of the

simulated numerical model. Deviation between simulation and experimental data is only 0.2 °C (Fig.
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7A). Those deviations can be attributed to (i) non-ideal heat flux boundary conditions, since under
laboratory conditions ambient temperature may vary with time. (ii) The influence of the necessary
simplifications concerning geometry and airflow (laminar flow and incompressible fluid). (iii) The mesh
might be too coarse, thus strong gradients, as they occur especially at the heating element of the fan,
cannot be modelled perfectly. The latter reason can be largely excluded because the simulations were
carried out exemplarily with different meshes. Due to the accuracy of our model, we can simulate
specific modifications to achieve a more uniform temperature distribution across the channels. The first
approach is the protection of the channels by an aluminium shield (300 x 150 x 70 mm) with a thickness
of 3 mm around the channels (see Fig 7C). The corresponding numerical solution (Fig. 7B) shows a
much more uniform temperature distribution. However, the simulated temperature (approx. 31.5 °C) is

far away from the desired temperature (37 °C).

Figure 7: Numerical solutions of the temperature distribution among the channels obtained from the one-way coupled
stationary studies. A: Temperature volume plots of the channels in the original reconstruction of the upper part. Next to it, the
experimentally measured voltage curves in this configuration B: Temperature volume plots of the channels in a modified
reconstruction of the upper part by adding a frame around the channels. Next to it, the experimentally measured voltage curves
in this modified configuration C: Temperature volume plots of the channels in a modified reconstruction of the upper part by
adding a frame with a bottom plate around the channels. Next to it, the geometry of this frame with the bottom plate.
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Experimental data of this configuration confirms the simulation with a temperature difference among
the channels of approx. 1 °C (Ten1 = 33.5 °C, Tews = 32.7 °C, Tcne = 32.4 °C). This behavior can be
attributed to the fact that by inserting the frame, the channels are surrounded by stagnant air, which is a
poor heat conductor. However, this modification leads also to a drastically reduced difference in the
generated voltage by the heat flow sensor performance. Moreover, by the fact that the channels are now
colder, the offset of the voltage is correspondingly higher, which correlated very well with the
experimental data (see Fig.7B). Here, one possibility might be to change the position of the temperature
probe in close contact with the aluminium shield.

To overcome this temperature issue, we simulated in another study a modified frame with a 3 mm thick
bottom plate as a heat conductor (geometry is shown in Fig. 7C). This time, we achieved a temperature
difference of 0.9 °C (Fig. 7C) which is slightly worse than the solution without the bottom plate (0.2
°C) but deviates from the desired temperature of 37 °C by only approx. 0.6 to 0.9 °C. Further approaches
and modifications can easily be simulated on this model to optimize the temperature value and

variations.

Heat transfer and fluid flow simulations of the complete model
In a final simulation, we reconstructed a complete 3D model of the initial test system (without any

modifications) in the simulation software (see Fig. 3) and performed numerical simulations to
investigate the overall temperature distribution. A particular selection of the simulation results is
gathered in Fig. 8 and 9.

In Fig. 8 volume and surface plots of the temperature distribution of selected compounds or parts of the
test system in 2 and 3D model are displayed. Additionally, the simulated temperature profile in the outer
zone and on the heat sink are compared with the experimental data (Fig. 8D). Fig. 8A shows the
simulated temperature variations across the channels in which the samples are finally placed on the heat
flow sensors. Based on these temperature plots, we can easily explain the observed different behavior
of the heat flow sensors (Fig. 5B). Additionally, entering a sample vessel into the measuring position
should increase the voltage signal of the heat flow sensors, since the temperature gradient in the
measuring chamber is transferred to the sample vessel. We observed this behavior in some preliminary
tests under laboratory conditions (data not shown).

Fig. 8B shows a surface plot of the temperature distribution of the heat sink. The asymmetric temperature
distribution can be explained by the heat released by the fan heater (hot spot on the right side in Fig.
8C). The fan heater affects the temperature distribution on the heat sink. Here we can observe a strong
heat accumulation, which consequently influences the temperature on the right side of the heat sink by
convection. Two hotspots on the heat sink can be revealed by the numerical simulation. These
correspond to the position of the two Peltier modules below the heat sink. The temperature distribution
among the channels shown in Fig. 8C is in good agreement with the corresponding numerical data (see
Fig. 7). Additionally, the cooling effect of the auxiliary heat sink becomes visible. As a result, a cold
spot in the right corner of the device is created. The cold air has to be heated up again by the air heater.
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In Figure 8D, we compared the numerical solution of the temperature increase measured by the internal
probes with experimental data under laboratory conditions. Numerical simulations showed good
agreement with the experimental data. The setpoint temperature is reached a bit earlier, especially for
the temperature in the inner zone. This can be attributed to better insulation of the numerical model
compared to the real world test system. Additionally, the Peltier modules heat with a constant power in
the numerical model, whereas in the test system the heating power is influenced by the temperature-
dependent Seebeck effect. Further deviations were already discussed and can be mainly attributed to the

poor mesh quality of the air domain.

Figure 8: Surface and volume plots of selected compounds from the complete 3D model obtained by numerical simulations.
A: volume plot of the enclosed air volume in the lower part of the channel. B: surface plot of a cross-section through the heat
sink. C: surface plot of a vertical cross-section through the complete 3D model. D: surface plot of a horizontal cross-section
through the upper part.

Finally, Fig. 9 compares the numerical results of the steady-state (achieved after 360 min) with the
experimental data from external temperature sensors. The surface plots are combined and mapped to
local temperatures from the external sensors. A qualitative observation shows that numerical results are
in good accordance with experimental data. These results together with the results from Fig. 8
demonstrate the superiority of numerical simulations. On the one hand, using standard laboratory
equipment (i.e. mainly temperature sensors) only a few local temperatures can be captured. On the other
hand, numerical simulations provide simultaneously and time-dependent data available at each point

within the considered geometry. Thus, spatial gradients can be visualized.
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Figure 9: Comparison of numerical solutions of the 3D numerical model with experimental data obtained from the IMC test
system under laboratory conditions. A: Mapped local temperatures in the upper part of the calorimetric test system. B: Mapped
local temperatures in the lower part of the calorimetric test system.

Conclusion

The design and construction of isothermal microcalorimeters (IMC), whether for special applications or
commercial multipurpose instruments, pose enormous challenges to the developer or manufacturer. Tiny
heat fluxes in the range of a few microwatts or even nanowatts have to be measured. This places the
highest demands on the temperature constancy of an IMC. During the development process of such an
instrument early constructed test systems, prototypes and finally production device are built and tested
under laboratory conditions. From an experimental point of view, only a few parameters such as local
temperatures through e.g. Pt100 sensors, the control behavior of heating or cooling elements and the
performance of the heat flow sensors can be recorded. Comprehensive temperature distributions in the
entire system or selected components of it, local hotspots and their impact on the performance of the
device remain mostly uncovered. However, these are crucial if the overall IMC system is to be
optimized.

In the present study, we were able to demonstrate that numerical simulations can support experimental
data and provide deeper insights into the contribution of single components to the overall performance
of the entire system. Based on an IMC test system that is specifically designed for microbiological
analysis, we determined in numerical simulations control parameters for a PI controller which regulates

the temperature on the heat sink. Further, we investigated the temperature distribution among the
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channels in the upper part of the 3D model. Here, we simulated the first modifications to investigate
their impact on the temperature homogeneity between the channels. Finally, we performed a time-
dependent simulation of the complete 3D model to obtain numerical data for the entire system. The
advantages of such numerical simulations are:

First, the time saved in determining control parameters for the different controller and their interplay.
For example, the windup or the influence of individual control variables on the control behavior can be
excellently investigated in this way.

Second, weak points of a test system can be visualized at an early stage and, depending on the
complexity of the 3D model, quantified to a certain extent. In this way, a better understanding of the
complex interplay of heat fluxes, temperature distributions and fluid dynamics in the entire IMC system
can be achieved.

Third, failure to design both specialized and multipurpose IMCs represents not only a considerable delay
for the respective research task but also an economic risk. Using simulations, it is conceivable to first
design and optimizes an IMC in silico and later builds it only if the required performance parameters

are predicted.
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3.3 Further experiments related to instrument development and selective
detection of bacteria

The following unpublished results deal with the ongoing development of the calorimetric test system
and the first applications of monitoring bacterial growth by improved versions of the test system. In
the final section of the experimental part of this thesis, unpublished experiments related to the selec-
tive detection of L. pneumophila from drinking water samples by IMC are given. The selectivity of
calorimetric detection of frequent accompanying pathogens in drinking water such as E. coli, P. aeru-

ginosa and E. faecalis is investigated.

3.3.1 Development process towards an improved calorimetric test system

As part of the development processes for the test system, numerical simulations were performed in
addition to experimental measurements under laboratory conditions. Through such simulations, the
spatially resolved temperatures of the entire test system were visualized (section 3.2). Thus weakness-
es caused mainly by the arrangement of the channels concerning the air thermostat were revealed.
Experimental temperature measurements at discrete points in the test system confirmed the accuracy
of the numerical simulation. Hence, it was possible to make initial modifications to the test system
during the development process (adding an aluminium shield around the channels) to improve the
performance of the calorimeter (1st modified version of the test system). In order to understand the
entire development process over time, Figure 9 shows a flow chart, starting with the first design con-
cept and ending with the final version of the current test system (3rd modified version).

Despite these numerical simulations, experiments under laboratory conditions show that the insulation
to the ambient of the test system is insufficient (see microbiological measurements in section 3.3.2).
For instance, more substantial fluctuations appear in the first measurement channel independently of
the aluminium shield around the channels. These fluctuations are strongly linked to the fan heater and
the overall insulation of the test system. The better the temperature can be maintained in the test sys-
tem (good insulation from the ambient), the less the ouput of the fan heater will fluctuate. As a result,
small fluctuations in the channels are also to be expected. Therefore, further modifications are made to
the test system affecting the insulation to improve the temperature stability in the overall system.
Thus, the 2nd modified version of the test system includes a Styrofoam box placed around the entire
calorimetric unit. In addition, a bottom plate is added to the aluminium frame in the upper part of the
test system. The heat of the frame should be transferred to the channels through the bottom plate. The
Styrofoam box is somewhat bulky and takes up much space. Therefore, improved insulation to the
ambient is achieved by sticking 40 mm Styrofoam panels around the original test system (3rd modi-

fied version).
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Figure 9: Summary of the chronological progression of the calorimeter development.
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In order to demonstrate the influence of modifications on the performance of the calorimeter, the tem-
perature profiles (Figure 10) and voltage profiles (Figure 11) of the heat flow sensors are compared
between the original and 3rd modified version of the test system (under almost equal laboratory condi-
tions, room temperature was approx. (20 + 1) °C). Due to the additional insulation in the modified test
system, the temperature stability is enormously improved. Now the maximum fluctuations are approx.
+ 0.1 °C compared to + 0.3 °C in the original test system (Figure 10A). In contrast, the heat sink is
less affected by the modification, which indicates that good insulation to the outer zone has already
been established with the original design. Nevertheless, slightly better temperature stability can be
recognized (Figure 10B). This improvement is also reflected in the percentage power output of each
heating element. The fan heater has reduced its heating output from 35 % to approx. 15 % (maximum
fluctuations only + 5 %, Figure 10C). Consequentially, the power output of the Peltier modules was

also reduced and more stable in the 3rd modified test system (Figure 10D).

Figure 10: Comparison of internal sensor data between the original test system and the 3rd modified
version. A: Temperature profiles of the air measured by the internal NTC sensor in the outer zone. B:
Temperature profiles of the heat sink measured by the internal NTC sensor located below the reference
channel. C: Percental power output of the fan heater. D: Percental power output of the Peltier mod-
ules, which regulate the temperature on the heat sink (unpublished data).
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Since the heat flow sensors are the most crucial component of an isothermal microcalorimeter, the
impact of the abovementioned modifications on the voltage profile of the heat flow sensor is given in
Figure 11. Here, the differential signals AU (in mV) of the heat flow sensor 1, HFS1 (in channel 1)
and HFS3 (in channel 3) are displayed. In order to obtain a net value, the reference signal of HFS2 (in
channel 2) was subtracted from the signal of HFS1 and 3, respectively. Due to the modification of the
test system (3rd modified version), two changes from the original configuration can be identified.
First, HFS1 shows only minimal fluctuations (compare yellow and green curves). This reduction in
fluctuations results from the aluminium shield around the channels so that the heated air of the fan
heater no longer directly affects channel 1 (see section 3.2). Second, the offsets of HFS 1 and 3 are
now closer to 0 mV. This change can be attributed to a better temperature distribution among the
channels caused by the bottom plate. Especially between channel 1 and the reference channel (channel
2) since the resulting AUygs; is approx. 0 mV. The larger offset of HFS 3 (0.76 mV) results from a
temperature gradient along with the bottom plate. The baseline stability over 24 h (determined in the
interval from 24 to 48 h) in the original test system is = 0.1 mV (HFS 1) and + 0.04 mV (HFS 2). In
the modified version, the baseline stability is £ 0.01 mV (HFS1) and = 0.03 mV (HFS 2) in the same

time interval.
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Figure 11: Internal heat flow sensor data in the original test system and the 3rd modified version (un-
published data).

Based on the experimental data of the modified test system, it can be seen that both temperature stabil-

ity and the performance of the heat flow sensors needs to be improved. All these data, together with
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the ongoing numerical development work, will be incorporated into the design of the planned proto-
type.

Finally, electrical calibration experiments are conducted, and the 3rd modified version of the test sys-
tem is further characterized (Figure 12). A uniquely prepared calorimetric vessel equipped with a
100 Q £ 0.1 % precision thin film chip resistor (Vishay Serie PCAN, Vishay Intertechnology, Mal-
vern, Pennsylvania, US) and a dummy stopper (made out of polyvinyl chloride) are used in these kind
of experiments (Figure 12A). Steady-state calibrations (P = 1 mW for 60 min) with five replicates
were measured (Figure 12B). For each measurement, the AAU-value was determined after reaching
steady-state (Figure 12C). From this, the experimental calibration constant is e, = 1.7 W V! Addi-
tionally, the integration provides the total amount of heat released during these experiments (theoreti-
cally 3.6 J). This total heat could also be confirmed experimentally and was on average (3.6 + 0.4) J
for channel 1 and (3.6 + 0.1) J for channel 3.

Figure 12: Electrical calibration procedure. A: Experimental setup and the prepared calorimetric ves-
sel. B: Steady-state calibration experiments conducted in channel 3. C: Determination of the AAUygs,
in steady-state. Additionally, the integral reflects the total heat released during this calibration (theoret-
ically 3.6 J). D: Determination of the time constant 7 (unpublished data).
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Further experiments related to instrument development and selective detection of bacteria

In the final evaluation step, the time constants for both measuring channels were determined from the
decay rate of the voltage signal after switching off the electrical calibration heater '*°. (Figure 12D).
For this purpose, #; was determined (signal in steady-state) and ¢, (decrease of signal to 36.8 % com-

pared to the initial value, which corresponds to exp(-1) '#’

). The time difference between ¢, and ¢, cor-
responds to the time constant 7. Its value for both channels are 7.,; = (106 = 37) s and 7,3 = (82 £+ 10) s.
In the following section, the applicability of the micro(bio-)calorimeter on the detection of microbial
activity is experimentally investigated. Additionally, experiments addressing the selectivity of non-

selective and selective Legionella media are given.

3.3.2 Detection of bacterial activity using the novel micro(bio-)calorimeter

As mentioned in section 3.2, the calorimeter was designed to meet the prerequisites for detecting bac-
terial contamination in routine microbiological testing. Therefore, tWwo microbiological samples were
tested to prove the applicability of the calorimeter. Figure 13 displays the first microbiological meas-
urement performed by the 1st modified version of the test system (only an aluminium shield around
the channels). Here, the growth of P. putida mt-2 KT2440 in LB broth was monitored in real-time

(duplicate determination).
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Figure 13: Micro(bio-)calorimetric measurement of P. putida mt-2 KT2440 in 20 mL LB broth per-
formed by a 1st modified version of the test system (unpublished data).
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Experimental part

The increase of the signal after approx. 8 h is caused by the metabolic activity of the bacteria. It can be
seen as the earliest detection time of bacterial growth.

Based on the modification, both channels showed a similar voltage profile. The signal height is almost
equal in both measurements (approx. 4 mV). This voltage corresponds to a heat flow of 6.8 mW using
the experimental calibration constant ee- 1.7 W V. However, the HFS1 signal (green curve) does
not abruptly return to the baseline compared to the signal of HFS3 (yellow curve). This different be-
havior might be attributed to the insufficient insulation of the 1st modified version used in this exper-
iment. However, the aluminium frame alone provides somewhat better stability of the voltage signal at
the heat flow sensors. Channel 1 exhibits less stability of the signal due to the significant fluctuation of
the fan heater (see Figure 10A, C).

In addition, and for the first time, a real cooling tower sample (duplicate determination) was also
measured on a selective Legionella medium by plating 0.5 mL on 10 to 15 mL GVPC agar. The corre-
sponding voltage profiles can be seen in Figure 14. In reference measurements (count plates according
to ISO 11731:2017), the concentration of L. pneumophila in the sample was determined to
7.8-10° CFU/ 100 mL. The corresponding micro(bio-)calorimetric measurements detected an increase
in the voltage signal after about 10 h. The curve profile is very similar for both measurements, which
suggests good reproducibility. The maximum of AUygs is in both curves approx. 5 mV (corresponds to
a heat flow of 8.5 mW using &, = 1.7 W V'l). This measurement shows that waterborne contamina-

tions can be detected quickly (within a few hours) using the designed micro(bio-)calorimeter.
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Figure 14: Micro(bio-)calorimetric measurement of a real cooling tower sample on 10 mL selective
GVPC agar performed by the 2nd modified version of the test system (unpublished data).
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Further experiments related to instrument development and selective detection of bacteria

However, despite the selective medium, GVPC, recommended by ISO 11731, it is possible that other
accompanying bacteria may grow in addition to L. pneumophila and thus contribute to the heat flow
signal. In order to investigate the influence of the selective medium on accompanying microorgan-

isms, further calorimetric measurements were conducted. The results are given in the next section.

3.3.3 Calorimetric measurements on the selectivity of conventional Legionella media
for accompanying pathogens

Additional heat flows of three common accompanying pathogens, Escherichia coli (ATCC 8739),
Enterococcus faecalis (ATCC 19433) and Pseudomonas aeruginosa (ATCC 27853), were measured
on non-selective BCYE agar (Figure 15A) and selective, i.e. BCYE-Ab (supplemented with 9 mg L™
cefazolin, 70 mg L' pimericin and 80000 IU L™ polymyxin B) and GVPC (3 g L' glycine, ] mg L™
vancomycin, 80000 IU L polymyxin B, 80 mg L' cycloheximide) agar (Figure 15B, C). For com-
parison, measurements of L. pneumophila (ATCC 33152) on these media were also performed
(Figure 15D).
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Figure 15: Summary of selective microcalorimetric detection of waterborne pathogens using different
Legionella media. A: Heat flow measurements of E. coli, E. faecalis and P. aeruginosa on non-
selective BCYE agar, B: on selective BCYE-Ab agar, C: on selective GVPC agar. D: Heat flow
measurements of L. pneumophila on different selective and non-selective media. The N, in CFU are
indicated next to the heat flow signals. In all measurements, a blank (0 CFU) was used as a reference
(unpublished data).
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Experimental part

The experiments (single determination for the accompanying bacteria and triplicates for L. pneumophi-
la) were performed in 30-mL calorimetric ampoules (filled with 5 mL medium) using the
MC-Cal/100 P (C3 Prozess- und Analysetechnik GmbH, Munich, Germany). The inoculum volume
was 20 pL. Figure 15A demonstrates that all bacteria grow on non-selective BCYE agar. P. aerugino-
sa showed the highest maximum heat flow of approx. 2000 pW, followed by E. coli. The slightly
broader heat flow curve of E. coli can be attributed to the growth of few and well-separated colonies
(the same effect was observed with P. putida mt-2 KT2440 on solid medium in section 3.1.2). The
typical maximum heat flow for E. coli on BCYE agar is approx. 1300 uW (data not shown). This cor-
responds well with the maximum heat flow measured on BCYE-Ab and GVPC agar. Interestingly,
despite the slower growth, L. pneumophila showed a higher maximum heat flow (approx. 600 pW)
than E. faecalis (approx. 400 pW), which is probably due to the different metabolism of the bacteria
(strictly aerobic growth versus facultative anaerobe).

On the BCYE-Ab medium, only P. aeruginosa was inhibited entirely (Figure 15B). GVPC shows the
best performance since E. faecalis and P. aeruginosa were inhibited entirely (Figure 15C). On the
contrary, L. pneumophila (ATCC 33152) showed, as expected, growth on all applied media (Figure
15D). Likewise, E. coli showed no inhibition. These results correspond well with microbiological tests
from manufactures of such selective media **'*’. However, it must be pointed out that these are only
single determinations for the accompanying bacteria. In order to obtain statistically significant results,

further measurements are necessary.
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4. Discussion

4.1 Micro(bio-)calorimetry - A culture-based detection technique for bacte-
rial contamination

The most crucial criterion for the detection of microbial contamination is the time that elapses between
sampling and confirmation of whether a positive (contaminated) or negative (non-contaminated) sam-
ple is present (qualitative approach) **. The earlier the contamination is detected, the faster and more
targeted countermeasures can be taken. Subsequently, it is necessary to receive immediately a quantity
that can be used to determine the level of contamination (quantitative approach). Further, this quantity
should reflect the actual threat of contamination. Consequentially, the microbiological analysis infor-
mation must include the viable and active cells that may pose an immediate threat should they enter
the human organism. At the moment, culture-based techniques with a subsequent visual inspection,
predominantly performed by the naked eye, are standard in microbiological laboratories **. Different
cultivation techniques specified for different kinds of samples and bacteria are performed '**'®".

The 4-mL ampoule system predominantly used in microcalorimetric detection of bacteria was consid-
ered as the reference system. In the context of this thesis, it was therefore methodically investigated
whether conventional cultivation techniques are compatible with microcalorimetric measurements and
which advantages and drawbacks may arise concerning the detection time. Therefore, systematic stud-
ies on two model strains, Lactobacillus plantarum DSM 20205 (representative for an anaerobic sys-
tem, section 3.1.1) and Pseudomonas putida mt-2 KT2440 (representative for an aerobic system, Sec-
tion 3.1.2), were conducted in this thesis. The main findings are discussed and compared with the
visual inspection of bacterial contaminations (section 4.1.1).

Based on the first heat flow measurements of Legionella pneumophila ATCC 33152 (section 3.1.3)
and complementary measurements of pathogens also present in drinking water, the calorimetric ap-
proach is discussed in the context of establishing an early warning system in drinking water analysis
(section 4.1.2).

Due to the lack of commercially available microcalorimeters that fulfil the criteria for microbiological
analysis, an early stage developed micro(bio-)calorimeter was designed and constructed. Here, numer-
ical simulations supported the development process (section 3.2). On the one hand, weak spots of the
micro(bio-)calorimetric test system were revealed, and on the other hand, modifications were simulat-
ed in advance to stepwise improve the entire system's performance. Such modifications led to an im-
proved version of the test system (section 3.3). Features of the micro(bio-)calorimeter are discussed in

the final part and compared with commercially available calorimeters (section 4.2).
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Micro(bio-)calorimetry - A culture-based detection technique for bacterial contamination

4.1.1 Compatibility of cultivation techniques with calorimetric detection - Potential
and limitations

Almost all available data and studies addressing microcalorimetric detection of bacteria represent just
a proof of concept (Table 2, section 2.2.3). Further, measurements are exclusively performed in liquid

. . 112-113
medium (exceptions are

), mainly using 4-mL static ampoules. In addition, there has been little
discussion of the advantages and limitations of this static ampoule system on detectable heat flows in
the study of bacterial contaminations. Perhaps this is also the reason why a microcalorimetric method
is not yet used as an alternative to conventional microbiological analysis. This is somewhat surprising
since it is precisely the growth of bacteria that forms the essential common ground of both methods.
For the first time, systematic investigations were conducted on two model systems, L. plantarum
DSM 20205 (section 3.1.1) and P. putida mt-2 KT2440 (section 3.1.2). The data demonstrated the
compatibility of conventional cultivation techniques in the context of microcalorimetric detection of
bacteria. Pouring, plating and membrane filtration (Figure 1) were successfully applied to microcalo-
rimetric measurements. Interestingly, detection times obtained from experiments performed on solid
medium differ hardly or only minimal from those in liquid medium if very sensitive calorimeters (lim-
it of detection, LOD < 10 pW) are used '** ', This makes the use of solid media attractive since most
ISO standards prescribe cultivation on solid media for conventional microbiological analysis.
However, it was found that with a small initial number of bacteria (< 10 CFU), diffusion limits the
exponential growth of bacteria on solid medium. This issue was reflected in the shape of the moni-
tored heat flow. The initial exponential increase changed to a linear course, and smaller, broader heat
flow curves were obtained. Hence, leading to the conclusion that less sensitive calorimeters (LOD >

124 This issue can be ascribed to the 4-mL static

100 pW) might not detect the produced heat flow
ampoule system and diffusion-controlled growth of colonies '**. Figure 16 summarizes all limitations
of the 4-mL ampoule system that affecting the detection of bacterial contamination in microcalorime-
try. Further, Braissant et al. observed the same phenomena for Mycobacterium tuberculosis on Low-
enstein-Jensen agar ''*. Their experiments on slanted solid medium (to minimize diffusion problems)
showed that the incubation of samples contaminated with 2 CFU per ampoule produced a maximum
heat flow of approx. 10 pW '"*. For comparison, a higher contamination level of M. tuberculosis (2300
CFU per ampoule) resulted in a maximum heat flow of approx. 45 pW '"%,

In the case of L. plantarum DSM 20205, it was shown that there is a strong relationship between the
height of the filling volume that correlates with the diffusion path of the substrate (glucose) and the

maximum heat flow produced during growth on a solid medium '®*.
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Figure 16: Limitations on solid and in liquid medium for detecting bacteria in 4-mL static ampoules.
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Micro(bio-)calorimetry - A culture-based detection technique for bacterial contamination

The enumeration of colonies formed after the calorimetric experiment is only partially feasible. The
prerequisite for this is that they are well distributed on the small surface and no more than approx.
10 CFUs have formed. This situation can be further complicated since a convex shape reduces the
effective surface area. Similar issues were reported in another study where 20 mL static ampoules
were used, and higher inocula also made counting of separate colonies impossible '. However, the
main limiting factor concerns the sample volume. In order to enable bacterial growth on solid medium
(colony formation), only 10 to 25 pL are applicable to 4-mL static ampoules. Otherwise, the cells will
grow in the supernatant, and no colonies will appear. Additionally, such small sample volumes are
impractical for microbiological analysis. This limitation is perhaps one of the main drivers for the
dominance of liquid cultures in previous studies.

For aerobic systems, the 4-mL static ampoule system also has some limitations. The filling volume,

especially in liquid medium (low solubility of oxygen, 7.5 mg L™ at 30 °C '®

), restricted the amount
of available oxygen, and this strongly affects the heat flow and might limit the use of less sensitive
calorimeters (LOD > 10 pW) '**. The experimental data in this thesis are in good agreement with nu-
merical simulations concerning oxygen availability in 4-mL static ampoule systems '**.

Basically, when using liquid medium for the calorimetric detection of bacteria, no quantitative evalua-
tion (e.g. enumeration) is possible that would indicate the degree of contamination. Another limitation
that corresponds to the amount of available oxygen in liquid medium might be the sedimentation of
non-motile bacteria . Since P. putida mt-2 KT2440 is motile, this effect was not considered in this
thesis. Maskow et al. investigated sedimentation processes of P. putida MM1 through numerical mod-
els and demonstrated that the location of bacteria (bottom, top and homogenously distributed) in the
static ampoule affects the total heat produced during microbial growth '**. Bacteria growing on the
bottom produced less total heat than those on the top, and the slope of the total heat curve was much

flatter '**

. If one referred this to the corresponding heat flow curve, a flat, broad peak would result
(similar to the experiments with few cells growing on solid medium). This issue can be circumvented
if the density of liquid medium increases, e.g., using Percoll '**.

Microcalorimetric measurements provide a real-time signal based on heat flow measurements related
to the kinetics and stoichiometry of the ongoing process in the calorimetric ampoule '°"'*’. Depending
on the level of contamination, heat flow signals can immediately be obtained by entering the sample
into the measurement position of very sensitive microcalorimeters (LOD < 10 pW) '**. In the case of
P. putida mt-2 KT2440, a directly detectable heat flow was obtained if approx. 10° CFU are presented
in the sample '**. This is in substantial agreement with literature data ** ', It should be considered that
less sensitive calorimeters (LOD > 10 uW) may lead to a slightly delayed detection time, despite the
high initial number of bacteria present in the sample. Nevertheless, the systematic investigations in the

32, 112, 125

thesis show, supported by a few previous studies , that microcalorimetric detection is superior

to conventional microbiological analysis in terms of detection time.
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Discussion

Most importantly, these studies show that calorimetric detections in 4-mL static ampoules are inade-
quate to compete with conventional microbiological analysis. However, recent reports follow this type
of systematic study. For example, Corvec et al. investigated the influence of the filling volume of 4-
mL ampoules and the selection of the medium composition on the detection time of anaerobically
growing pathogens *°. Such investigations are necessary to optimize the calorimetric detection method.
Comparisons of microcalorimetric detection times and molecular biological (PCR) or immunological
techniques (ELISA) are not reported yet. Hence, they cannot be discussed in connection with the de-
tection time of bacterial contamination. One reason for this is certainly the deviating nature of detecta-
ble quantities of these techniques. For instance, PCR detects molecules. IMC, in contrast, detects
whole, metabolically active cells as only these produce heat and might pose immediate danger **. Un-
doubtedly, molecular biological techniques and immunological assays provide faster and sometimes
more reliable detection of pathogens than conventional techniques such as counting plates *°. Never-
theless, only a few standardized protocols consider other detection methods (mostly PCR) than culti-
vation and enumeration on solid medium " '®. One possible reason might be the complexity of the
sample matrix.

Interestingly, in IMC measurements, the sample matrix might not play a crucial role as an interfering
factor compared with other techniques '®. For instance, in food samples, part of the matrix can limit
the applicability of PCR and biosensors to detect bacteria *°. In contrast, the complexity of the biologi-
cal composition (mixed culture) of the sample might be crucial in IMC since each bacterium present in
the sample that grows under the given conditions (operating temperature, medium composition) con-
sequently contributes to the measured heat flow (non-specificity) ** *. Therefore, discrimination be-
tween heat production rates from different species is not possible. Conventional microbiological anal-
ysis is facing a similar problem since the colonies formed and visually inspected afterwards are not
always distinguishable by their colors or morphological characteristics.

Further, the initial number of bacteria correlates with the detection time (defined at an empirically

determined threshold value) *> >* 1% 162

. This relation might enable quantitative measurements if (i)
selective detection of this microorganism can be guaranteed through the use of selective culture medi-
um and (ii) a standard curve (logarithm of the initial number of bacteria versus detection time) for a
targeted microorganism is established. The latter requires that the bacteria in the sample grow expo-
nentially. Again, the compatibility between IMC and conventional microbiological analysis is evident,
as this would allow the use of known quantities, namely CFU mL", for calibration.

In contrast, culture-independent detection methods also provide quantitative data for detecting bacte-
ria, such as GUs in gPCR *%°. However, there are currently no legal and technical thresholds based on
this unit '°. Additionally, GUs are not directly translatable to CFU since DNA from both live and
dead cells is detected '*".

In the next section, the discussion of a microcalorimetric detection of bacteria will focus on drinking

water contaminated with Legionella pneumophila.
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Micro(bio-)calorimetry - A culture-based detection technique for bacterial contamination

4.1.2 An early warning system for Legionella pneumophila in drinking water based on
calorimetry?

Microcalorimetric data for waterborne pathogens are rare. Maskow et al. suggested to perform micro-
calorimetric measurements as part of the drinking water analysis *>. In the context of this thesis, the
question arises, how and why can a microcalorimetric approach contribute to the rapid detection of
Legionella pneumophila in drinking water?

First, it has already demonstrated that IMC can detect bacterial contamination more quickly than con-

. . . . . 32. 112
ventional microbiological analysis °~

. In this thesis, heat flow measurements of L. pneumophila are
presented for the first time. Despite the fastidious growth conditions for this pathogen, substantial heat
flows (Dmax = 175 pW) were detected in the 4-mL static ampoule system (containing 1 mL BCYE agar
and approximately 3 mL air headspace), and concentration-dependent detection times ranged from 24
(10° CFU) to 45 h (4 CFU) *. This is a substantial reduction compared to conventional diagnostics,
where visible colonies are detected not until 72 to > 300 h of incubation *" '**, For comparison, gPCR
enables detection of L. pneumophila after 3 h '°>'®. However, Whiley and Taylor pointed out that it is
difficult to compare the culture-based approach with qPCR because of many inconsistencies between
the two methods *’ (see also discussion in section 4.1.1). A better comparison here is rather Legiolert,
another culture-based approach performed in liquid medium, where the increase in turbidity and/or
brown color change confirms positive samples '’*'"". However, Legiolert detects L. pneumophila after
168 h of incubation '">. Therefore, both ISO 11731 and Legiolert are time-consuming culture-based
detection techniques compared to IMC. Especially if we consider the incubation period until the onset
of the first symptoms of Legionnaires disease usually takes 5 to 6 days .

Furthermore, membrane filtration is an easy way to handle the pre-enrichment method for L. pneu-
mophila, speeding up the calorimetric detection in samples with low cell numbers ** '®*. Although
ISO 11731:2017 suggests membrane filtration as an approach for detecting L. pneumophila, it has no
detection time advantage since the culture-based approach is a concentration-independent detection
method '**. Again, IMC is superior, as shown in the example of P. putida mt-2 KT2440 (section 3.1.2)
and L. plantarum DSM 20205 (section 3.1.1). Membrane filtration is an efficient method to increase
the initial cell number and reduce the detection at the same time. This procedure should be readily
applicable to the calorimetric measurement of L. pneumophila.

Besides the qPCR approach mentioned above, there are several other techniques for the rapid detection
of L. pneumophila in water samples, such as immunomagnetic separation followed by flow cytometric

analysis (2 h) '”*, SPR (detection time not given) '”°, immunofluorescent microscopy (few hours) ',

77" on-chip fluorescent staining (1.5 h) '’ Optical Waveguide

immunofluorescence assay (72 h)
Lightmode Spectroscopy (0.5 h) '”°. These methods have comparatively short detection times but are
not yet used for routine testing of L. pneumophila in drinking water analysis. Indeed, a fast detection

time is crucial, but at what price? The main exclusion criterion, such as expensive instruments as well
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as reagents, bulky devices and complex data evaluation, were already addressed in the introduction of
this thesis (section 2.1). Another aspect briefly mentioned in the previous discussion is the amount of
information obtained from the microbiological analysis. For example, the ScanVIT-Legionella can
differentiate between L. pneumophila and other Legionella spp., but the analysis requires three days
177 gPCR, in turn, provides GUs within a few hours, although it is yet not possible to estimate how
many GUs pose a direct threat and only proposed threshold values are mentioned in the literature '®.
A culture-based approach such as IMC, by contrast, provides less information and reflects only active,
proliferating cells. However, this information might be sufficient to make a comparatively straightfor-
ward and inexpensive estimate of the risk posed by the sample under investigation. More selective
information about the content of the sample would undoubtedly be desirable in the context of a calo-
rimetric detection of L. pneumophila.

Therefore, the second reason why calorimetry might be a suitable tool for an early warning system of

L. pneumophila contaminations in drinking water is that selective media such as GVPC, BCYE-Ab '**

180-182 183

and additional treatments (chemical and physical) " are well-known to reduce the number of
accompanying bacteria (see section 2.1.1). However, even a small selection of possible accompanying
pathogens such as P. aeruginosa, E. coli and E. faecalis showed that complete inhibition is not possi-
ble with the current recommended selective media in the context of calorimetric measurements of
drinking water samples (section 3.3.3). The best performance was shown on GVPC agar, where two
out of three bacteria were inhibited (except for E. coli). In general, this topic is very controversial dis-
cussed in the literature, and a few studies have examined the selectivity of different Legionella media
from different manufacturers '®% 117182 184186

In a comparative study of different isolation and cultivation procedures of tap water samples, Rein-
thaler et al. also found that GVPC showed the highest selectivity for L. pneumophila '**. Scatturo et al.
concluded that GVPC shows higher efficiency in detecting Legionella in potable water samples than
on BCYE "', Recently, Ditommaso et al. recommended modified Wadowsky-Yee (MWY) medium to
detect Legionella spp. in hospital water '®. The latter contains antibiotics (3 g L™ glycine, 50000 IU L~
" polymyxin B, 1 mg L™ vancomycin and 80 mg L™ anisomycin) to inhibit the accompanying flora and
uses two dyes (10 mg L' bromothymol blue and 10 mg L™ bromocresol purple) those stain colonies
and thus facilitate identification '®®.

Concerning the selectivity of the calorimetric method, follow-up studies are necessary to obtain statis-
tically significant results on the one hand and to investigate different approaches such as chemical and
physical treatment of samples and their influence on the heat flow signal on the other hand.

Indeed, IMC and conventional microbiological analyses are unspecific concerning the detection of a
particular pathogen. Nevertheless, a screening method, i.e. early warning system based on IMC, would
be suitable in drinking water analysis since bacterial activity can be detected much faster and is supe-
rior to conventional analysis. Identifying a pathogen from a positive sample must only be proved when

the legal threshold has been exceeded, e.g. > 100 CFU /100 mL in the case of L. pneumophila accord-
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A novel calorimeter designed for microbiological analysis

ning to the ISO 11731:2017 **. Consequently, PCR or matrix-assisted laser desorption/ionisation -
time of flight (MALDI-TOF) can further analyse those suspicious colonies formed during the calori-
metric measurement due to the non-destructive nature of the calorimetric method **. As previously
discussed, 4-mL static ampoules (predominately used in applications) do not apply to this approach
due to the small surface area (Figure 16). Petri dish-like sample vessels would be advantageous for
obtaining well-separated colonies that can be further analyzed after calorimetric detection. The latter is
already considered in the micro(bio-)calorimeter designed in this thesis.

One last aspect concerning an early warning system based on IMC has to be mentioned briefly, name-
ly, detecting a positive (contaminated) sample, i.e. how the calorimeter indicates a positive finding. As
mentioned in the introduction (section 2.2.2), empirical thresholds are currently being defined for
different calorimeters. Despite the simplicity of this approach, possibly thermal disturbances at the
beginning of the measurements might lead to false-positive signals. By using the first derivative, it
was shown in this thesis (section 3.1.3) that the influence of thermal disturbances could be minimized,
and a more constant baseline can be achieved *. Nevertheless, the establishment of an empirical detec-
tion threshold is also required. Follow-up studies should address the threshold-setting issue, preferably
on many real samples, to have a sufficient data basis for statistical methods.

The last section of this chapter addresses the newly developed micro(bio-)calorimeter. The discussion
will focus on the main features and advantages of the designed calorimeter to commercial instruments

and the applicability in the context of microbiological analyses.

4.2 A novel calorimeter designed for microbiological analysis

Based on the results from the method development, a calorimeter specially designed for microbiologi-
cal analysis was constructed (section 3.2). It is essential to mention that the current test system devel-
oped here represents only a specific step in the overall development process (Figure 9). However, key
features of this calorimetric test system are a fixed measuring temperature of 37 °C, the selection of
sample vessel geometry that enables compatibility with conventional cultivation techniques and a
comparatively compact and transportable design. The use of an air thermostat and the fixed measuring
temperature reduces the overall weight of the test system and reduces the complexity of the tempera-
ture control unit.

The choice of sample vessel (consisting of an aluminium body, V=35 mL, d =51 mm and /# = 19 mm
and a plastic top) allows larger medium volumes and the application of membrane filters (d = 47 mm)
commonly used in sample pre-enrichment (Figure 1). Due to the large surface area, sample volumes
up to 0.5 mL can be plated out, and isolated colonies obtained during incubation in the calorimeter are
countable afterwards. An image of a sample after incubation is shown in Figure 17. Due to the large
surface area of the sample vessels, follow-up analytics, such as PCR, and MALDI-TOF, of colonies

formed are easily accessible. Indeed, the small surface area is still, from a microbiological point of
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view, a significant drawback in most commercially available microcalorimeters since small sample
vessels (£ 20 mL) are predominantly used, and well-separated colonies are not obtained after the
measurement (Figure 16). Standard membrane filters have a diameter of 47 mm and are therefore not
applicable to common sample vessels of commercial calorimeters currently used to detect bacteria (see

Table 2).

Figure 17: Colonies formed on the membrane filter after incubation using the calorimetric vessel of
the test system.

Another advantage is that diffusion problems of substrate and oxygen can be minimized due to the low
filling height and larger surface area. Consequentially, the limitations found for the 4-mL static am-
poule system (Figure 16) can be overcome by the sample vessels used for this novel micro(bio-
)calorimeter.

Commercial instruments have either narrow (d < 20 mm), small (¥ < 20 mL) or wide (d > 50 mm ),
large (V' > 125 mL) sample vessels (Table 3). The latter occupies a correspondingly large space,
meaning that only a few measuring channels are available (< 5). Consequently, only a few samples can
be measured simultaneously, and the number of replicates is also severely limited. Even though the
test system currently has only three channels, the prototype is planned for nine channels (one will
serve as a reference). Further, the restricted operating temperature of 37 °C is also dissimilar to com-

7). From an economic point of view, this is probably the area where the

mercial devices (except for
greatest savings can be made since a broad temperature spectrum requires sophisticated temperature
regulation systems and good insulation especially when measurements are conducted at low or high
temperatures. Another exception is the reference system of the calorimeter developed in this thesis.
Usually, commercial devices have a twin configuration, i.e. measuring and reference cell form a
closed unit that can be arranged horizontally or vertically '”’. The developed micro(bio-)calorimeter
has a reference channel located on the same heat sink as the measurement channels. It thus serves as a

reference for all measuring channels. In this configuration, small temperature gradients along the large
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A novel calorimeter designed for microbiological analysis

heat sink are not an issue as long as the local temperatures at the bottom of the heat flow sensors in
each channel have the same temperature stability. It is questionable whether a large heat sink is in sum
heavier than several twin configurations. The heat sink, weighing about 8 kg, accounts for one-third of
the total mass of the calorimeter. The total mass of approx. 25 kg corresponds to those of smaller

commercial instruments such as the BioCal 2000 (https://www.calmetrix.com/).

Experimental and numerical investigations on the test system have shown weaknesses in the tempera-
ture distribution among the channels (section 3.2). Consequently, an aluminium frame was added to
the upper part (1st modified version of the test system). With this modified version, microbiological
samples were measured for the first time. The bacterial growth of P. putida mt-2 KT2440 in LB broth
was monitored in real-time (section 3.3.2). The bacterial activity was detected after approx. 8 h.
Maskow et al. investigated the detection time of P. putida PpG7 in LB medium at 37 °C, using the 4-
mL static ampoule system . Despite the high sensitivity of their applied microcalorimeter (TAM III),
the bacterial contamination of N, = 6-10° cells was detected not until approx. 6 h **. Even if a different
strain (mt-2 KT2440) and slightly different inoculum (N, = 2-10° cells) were employed (Figure 13),
this clearly shows that the bacterial diagnostics performance of the 1st modified version of the test
system is already comparable to much more powerful commercial instruments.

However, additional insulation (Styrofoam box, 50 mm thickness) was necessary to improve the over-
all temperature stability in the entire system. Further, the heat flow simulations illustrated another
issue in the 1st modified version. The aluminium frame in the upper part caused a cold spot among the
channels due to the stagnant air (a good isolator). In order to overcome this problem, a bottom plate
was added to the aluminium frame to ensure thermal contact between the heated frame and the upper
part of the channels (section 3.2 & 3.3.1). Both modifications lead to the 2nd modified version of the
test system. With this modified version, the metabolic activity of Legionella and potentially accompa-
nying bacteria from a real cooling tower sample was measured for the first time. This measurement
reflects the discussion as mentioned above on an early warning system based on IMC. An increase in
the heat flow signal was detected after approx. 10 h and can be interpreted as the earliest detection
time of bacterial activity in the sample. The maximum heat flow measured for this sample is approx.
8.5 mW (using eep, = 1.7 W V™). This value might be quite high for L. pneumophila (assuming selec-
tive detection) since heat flow measurements on 5 mL GVPC medium yielded a maximum heat flow
of approx. 0.6 mW (Figure 15D), although a slightly different sample vessel geometry and less medi-
um were used. From this, one could conclude that accompanying bacteria have also grown on the me-
dium, which is in line with the limited selectivity found for GVPC (Figure 15C) and reported in the
literature (see discussion in section 4.1.2). Cooling tower samples, in particular, often have diverse
accompanying flora, making selective detection of L. pneumophila even more challenging *. The next
step should be to start a campaign with larger numbers of real water samples to get statistically signifi-
cant results. It would be desirable to start this campaign with the prototype (eight measuring channels

and one reference channel) under development since the current test system consists only of two
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Discussion

measuring channels. Thus, only a duplicate determination is possible, which would significantly limit
the number of replicates and consequently the statistical power of the results.

In order to optimize the insulation of the 2nd modified version, the Styrofoam box was substituted by
Styrofoam insulation panels (40 mm thickness), which were attached to the housing of the original test
system. In this way, the 3rd modified version of the test system was created. Table 4 summarizes
some specifications and features of the 3rd modified version of the test system. The aluminium shield
with the bottom plate and the additional insulation represent inexpensive and straightforward modifi-
cations that significantly impact the temperature stability throughout the system (section 3.3.1). Fur-
ther, it also affects the baseline stability of the heat flow sensors so that presumably, the already inves-

tigated microbiological samples can be detected even earlier.

Table 4: Specification and features of the 3rd modified version

3rd modified version of the test system
Sample vessel
volume /mL 35
diameter /mm 51
Temperature
range /°C 37
stability mK /24 h (air)* + 30
stability mK /24 h (heat sink 1)° +£0.5
stability mK /24 h (heat sink 2)° +0.6
Sensitivity®
long-term noise uW /24 h (HFS1)° +24
long-term noise uW /24 h (HFS2)" +43
limit of detection /uW n. d.
Number of measuring channels 2

n. d. = not determined

? temperature determined by the NTC in the outer zone

® temperature determined by the NTC below the reference channel in the heat sink

‘ temperature determined by the NTC below channel 1 in the heat sink

4 the long-term noise was determined as the standard deviation of the baseline in the time interval of 24 h
¢ determined without the calorimetric vessel

If we compare the specifications of the 3rd modified test system with those of commercial microcalo-
rimeters (Table 3), it is clear that the temperature stabilities are competitive with commercial
instruments such as the TAM Air and the BioCal 2000/4000. However, to compare baseline stabilities
of the modified test system, follow-up studies with empty calorimetric vessels (no heat production) in
the measurement position should be performed to determine long-term noise and other characteristics

such as baseline drifts, short-term noise and the LOD.
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In order to further characterize the performance of the test system, electrical calibration experiments
(empty calorimetric vessel) were conducted on the 3rd modified version (section 3.3.1). In these
steady-state calibrations, &.y, was determined to 1.7 W V'. The theoretical calibration constant speci-
fied by the manufacturer is &g, = 0.6 W VI A larger experimental calibration constant implies that
a significant portion of the heat generated in the sample vessel (approx. 65 %) does not flow through
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the heat flow sensor . The literature states that this proportion can also be over 50 % for microcalo-

rimeters (batch type) '™

. However, to understand the corresponding and dominant heat flow paths,
numerical simulations might be necessary. These simulations could then be used to test modifications
in the measuring chamber that minimize the proportion of heat flow that does not pass through the
heat flow sensor. Further, additional calibrations, e.g. chemically '’ and single-pulse '** should be
performed as recommended by the technical report from the International Union of Pure and Applied
Chemistry "'

Besides the calibration constant of the calorimeter, time constants for both measurement channels
were determined using steady-state calibration experiments. The corresponding time constants are
approx. 1.5 min for each channel. These are thus in the range of high-performance calorimeters, such
as the TAM III (time constant around 100 s) °'. Since the micro(bio-)calorimeter is intended to study
slow processes, such as bacterial growth, the use of eq. 10 is sufficient, and no dynamic corrections
(Tian equation, eq. 11) to the recorded heat flow signal are necessary (section 2.2.4.1).

The first modifications, characterizations and measurements of microbiological samples are promis-
ing, as fast detection times can be achieved, and the complete spectrum of possible cultivation tech-
niques can be covered with the micro(bio-)calorimetric test system. Thus, moving the test system to-
wards a prototype (already under development and supported by numerical simulations) can lead to
absolute competitiveness with the less suitable but more expensive commercial microcalorimeters

currently on the market.
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5. Conclusion

Rapid and reliable detection of bacterial contaminations is one of the most critical challenges to ensure
safe consumables and prevent damage to the health of us humans. The present thesis dealt with the
method optimization and instrument development for micro(bio-)calorimetric measurements to rapidly
detect bacterial contamination. Therefore, comprehensive and systematic studies on calorimetric de-
tection of bacteria in static 4-mL ampoules (mainly used in research studies published in literature) on
three model microorganisms, Lactobacillus plantarum DSM 20205 (section 3.1.1), Pseudomonas
putida mt-2 KT2440 (section 3.1.2) and Legionella pneumophila ATCC 33152 (section 3.1.3) were
performed for the first time. In addition, a specially designed micro(bio-)calorimetric test system was
presented (section 3.2).

From the microbiological experiments, it can be concluded that:

e Conventional cultivation techniques such as pouring (recommended for anaerobic and microaero-
philic bacteria), plating and membrane filtration are compatible with microcalorimetric detection
of bacterial contaminations (section 3.1.1 & 3.1.2). The latter should be chosen especially when
low contamination levels are suspected since calorimetric detection times depend on the initial cell
number. The high compatibility should allow the implementation of the calorimetric approach into
existing [SO standards.

e (Calorimetric detection is superior to conventional microbiological analysis (visual inspection of
plate counts) regarding the detection speed. All microorganisms studied in this work could be de-
tected more reliably and rapidly using IMC (section 3.1). In addition, cultivation on solid medium
achieves similar detection times as in liquid medium (so far preferred medium for calorimetric de-
tection of bacteria). Since most ISO standards are based on cultivation on solid medium, it is rec-
ommendable to use a solid medium for the calorimetric detection of bacteria.

o The standard 4-mL static ampoule system (predominately used in calorimetric detection) has too
many limitations (summarized in Figure 16) and is consequently less suitable for a routine micro-
biological analysis based on calorimetric detection. Smaller Petri dish vessels would be desirable,
as standardized membrane filters (d = 47 mm) can then be employed and quantification in terms of
plate counts (CFU) are also possible after successful calorimetric measurement. Commercial calo-
rimetric vessels that meet this requirement are oversized (¥ > 100 mL) and occupy a relatively
large amount of space, which is reflected in the low number of measuring channels (< 5) available

(summarized in Table 3).
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Conclusion

With the first investigation of L. pneumophila, following a previous study by Maskow et al. *, the

detection of bacterial contamination in drinking water was addressed in this thesis. This opportunistic

pathogen is a recurrent cause of major outbreaks worldwide, especially in connection with drinking

water contamination. From this proof of concept study, three prominent aspects can be deduced:

Despite the challenging growth conditions for this slow-growing pathogen, metabolic activity
(DPmax = 175 uW) in 4-mL static ampoules (1 mL BCYE agar and 3 mL headspace) is successfully
monitored by IMC. A fast calorimetric detection within one day is achievable and thus preferable
to ISO 11731:2017, which prescribes ten days of incubation (section 3.1.3).

The first derivation of the heat flow curve can be helpful in determining the detection time, espe-
cially if the sample vessel is not fully thermally equilibrated and the specimen under investigation
contains few cells (section 3.1.3).

Selective calorimetric detection of L. pneumophila might not be feasible with the currently availa-
ble culture media and calorimetric methods. This lack of selectivity is partly due to the compara-
tively lower heat production rate of slow-growing L. pneumophila than fast-growing accompany-
ing bacteria such as P. aeruginosa or E. coli (section 3.3.3). However, conventional microbiologi-
cal analysis faces similar issues since colonies of different species cannot always be discriminated
by their morphological properties. Since the cell count correlates with the detection time, co-
contaminations in drinking water samples can also be detected more quickly using IMC (early
warning system). If real drinking water samples were analysed in larger calorimetric vessels, fast
and more advanced identification tools (PCR, MALDI-TOF) could be employed to identify suspi-

cious colonies in the follow-up analysis.

Finally, in this thesis, the first step towards achieving a competitive detection method of bacteria by

IMC is already made through the newly designed micro(bio-)calorimeter. From the development work

for this calorimetric test system, it can be concluded that:
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The calorimeter aims to overcome the limitations of the 4-mL static ampoule systems and fulfil all
requirements for a culture-based calorimetric detection of bacteria. Therefore, it has a compact and
transportable format and uses sample vessels aimed explicitly at the cultivation of microbiological
samples. Additionally, it includes a low-cost temperature unit (air thermostat) and achieves a sen-
sitivity (long-term noise) that is already sufficient to detect bacterial activity rapidly (section 3.2
& 3.3). In addition, the temperature stability already achieved in the 3rd modified version can
compete with commercial calorimeters.

3D numerical simulations are an essential tool for the development process since experimental
data, in particular, reflects only local and limited information about the test system's performance.
A platform is now available through the successful validation of the numerical model, which is

crucial for further developing the prototype (section 3.2).



6. Outlook

In the framework of this thesis, the method optimization and instrument development of micro(bio-
)calorimetric detection for bacterial contaminations was presented. Although calorimetric detection is
superior in terms of speed of detection to conventional microbiological analysis (i.e. visual inspection
of count plates), in the case of low contamination levels (a few CFU mL™) calorimetry showed a min-
imal advantage. Therefore, it would be desirable to detect even the lowest bacterial contaminations as
quickly as possible using IMC. In order to address this issue, two approaches would be conceivable.

Firstly, the cellular heat production rate ¢ could provide a set point for the faster detection of bacteria.
The provision of necessary building blocks such as vitamins, amino acids, and energy-rich compounds

124 Therefore,

(e.g. sugars) ensure optimal heat production of the cellular machinery (section 3.1.2)
the aim must be to achieve a maximal value of ¢ within the population under investigation for micro-
calorimetric detection (according to eq. 3, section 2.2.2). In addition, this parameter has not yet at-
tracted much attention, so that there may be an unknown potential to detect the produced heat flow
more quickly. Another exciting approach regarding heat production would be purposefully induced
side reactions that generate additional heat during bacterial growth by, e.g. metabolic products, oxygen
or pH shifts in the medium. The idea is to amplify the net heat flow signal throughout these side reac-
tions. Signal amplification is often used in other techniques to reduce the detection limit of bacteria '
191.

Secondly, since the heat production rate of a single bacterium is relatively low, approx. 1-4 pW *,
currently, there is no calorimeter capable of detecting the heat produced by a single bacterium. How-
ever, recently a micromachined picocalorimeter sensor showed excellent resolutions between 30 and
200 pW "*°. Unfortunately, only minute sample volumes (< 1 uL) are applicable, which are difficult to
handle in the context of bacterial contaminations. Nevertheless, this issue could be solved if selective
pre-enrichment methods are applied. For instance, biomagnetic separation (BMS) has been applied in
chip calorimetric measurements resulting in the detection of lower cell numbers '*.

Further improvements in the future addressing the instrument development are expected for the detec-
tors, i.e. the heat flow sensors. Almost all commercial microcalorimeters use high-sensitive TEGs.
These are characterized by low thermal conductivity & (in W m™ K™), a high Seebeck coefficient o (in
V K™, high electrical conductivity ¢ and a large ratio of voltage to power S (sensitivity in V W™).
Since the first three parameters are material dependent, potentially new materials can improve the
overall sensitivity of such heat flow sensors.

Besides the continuous improvements of method and instrument development for the rapid detection
of bacteria, future studies of micro(bio-)calorimetric measurements should exclusively address real
samples to detect bacterial contamination. Additionally, the ISO11731:2017 recommends further

treatments such as chemical and physical. These treatments were not investigated in the present thesis.
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However, they should be addressed in follow-up studies, as IMC is ideally suited to support studies
towards a more selective procedure to detect L. pneumophila. For instance, new antibiotics could be
tested to develop even more selective media. An IMC based antimicrobial susceptibility testing of

. . 193
bacteria was already shown on E. coli and S. aureus

. The thermal response provides direct infor-
mation on whether there is a possible inhibition of accompanied bacteria, and further, the minimal
inhibitory concentration can be determined '

Hopefully, with the thesis presented here and the preliminary experiment on a real cooling tower sam-
ple, this approach might be applied to ISO standards in the field of food microbiology. The more ap-
plication areas this method finds, the more the development of the instruments will be a benefit.
Above all, the sample throughput must be increased. So far, microcalorimeters have been reported that

allow a maximum of 48 simultaneous measurements '°"'*’. The prototype, which is still under devel-

opment, is expected to consist of eight measurement channels and one reference channel (Figure 18).

Figure 18: Design of the prototype (8+1 channels) under development.

Finally, the long-term goal should be to establish micro(bio-)calorimetry as an alternative method to

conventional microbiological analysis for the rapid and reliable detection of bacteria.
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S1 Sample preparation

Fig. 1 illustrates exemplary prepared glass ampoules with different cultivation approaches before and after an

IMC experiment.

Figure 1: IMC ampoules for each cultivation technique after sample preparation (top) and after an IMC
experiment (bottom). i: GOA. ii: GL. iii: GF.
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S2 Baseline correction

Fig. 2 shows exemplarily the procedure for the baseline correction of a heat flow signal which deviates from the

baseline. Using the baseline correction within OriginPro 2018, the heat flow signal was corrected.
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Figure 2: Procedure for linear baseline correction by OriginPro 2018. A: Raw heat flow signal after

measurement. B: Red dotted line corresponds to the baseline. C: The heat flow signal after baseline correction

by OrginPro 2018 (menu option: Analysis — Peaks and Baseline — Peak Analyzer — Subtract Baseline —

Baseline Mode: User defined). D: Comparison of heat flow signal before and after baseline correction.
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S3 CFU-Counting results

Tab. 1 and Tab. 2 summarize the results of the CFU-counting experiments. The results in Tab. 1 are
corresponding to the experiments for the fill level-dependent and reproducibility measurements as well as for the
real-time monitoring after colonies became visible for the eye. The results in Tab 2. are corresponding to the
investigations of the dependency of the heat traces on the initial bacterial concentration as well as for the real-

time monitoring by scanning the plates at defined intervals.

Tab. 1: Summary of the replicates CFU-countings of fill level-dependent, reproducibility measurements

and real-time monitoring by the naked eye.

fa 1 2 3 4 5 mean SD
10* 366400 324000 - - - 345200 -
10° 44400° 46700° 50700° - - 47267 2603
10° 4300° 4500° 4400° 3130° 4090 4084 82
107 300° 420° 360° 278° - 340 49
108 20° 80° 90° 56° - 62 27

20Dy Was not determined.

ODggo = 0.18 (1:100 dilution).
‘ODgyo = 0.19 (1:100 dilution).
%0Dgpo = 0.20 (1:100 dilution).
*ODjgg0 = 0.20 (1:100 dilution).

Tab. 2: Summary of the replicates CFU-countings of the concentration-dependent measurements and

real-time monitoring by scanning.

fa 1° 2° 3° 4° mean SD
10* 129000 135300 121700 150200 134050 10493
10° 15900 19400 18600 13200 16775 2438
10° 1900 1400 2200 1600 1775 303
107 150 160 180 110 150 26
10° - 16 22 10 16 5

*ODggo = 0.16 (1:100 dilution).
*ODggo = 0.17 (1:100 dilution).
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S4 Heat flow curves of the reproducibility measurements

Fig. 3-5 shows for each cultivation technique (GOA, GL and GF) the corresponding heat flow curves.
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Figure 5: Heat flow curves of the reproducibility measurements of GF.
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S5 Reference measurement for the bacterial growth on solid medium using
the naked eye for detection

After the experiments, the files were then evaluated. For this purpose, 4 independent persons determined for each
dilution level the time from which the colony was visible to the naked eye. The visual detection time was then

determined from the results using standard deviation.

Figure 6: Time-dependent recording of the colony forming process on solid media at different initial bacterial
concentrations in the time interval from 0 h to 22 h. The detection time tqe.; Was determined after a colony

became visible for the naked eye.
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S6 Reference measurement for the bacterial growth on membrane filter
using the naked eye for detection

Figure 7: Time-dependent recording of the colony forming process on membrane filter at different initial

bacterial concentrations in the time interval from 0 h to 19 h. The detection time tqo.; Was determined after a

colony became visible for the naked eye.
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S7 Reference measurements of bacterial growth in liquid medium using

ODGOO
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Figure 8: Replicates of a time-dependent recording of the ODygg, at different initial bacterial concentrations

under the same

conditions.

Red:

10° CFU-mL™..

Blue:

10*CFU-mL™".

Green:

10°

CFU-mL™.

Violett: 10° CFU-mL™". Yellow: 10°CFU-mL". Black: 0 CFU-mL". The corresponding detection threshold was

set to ODggo = 0.01.
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S1 Influence of the inoculum volume on the detection time in IMC and visual
inspection

We investigated the influence of the inoculum volume (V;) on the detection time in both cultivations on solid
medium by CFU-counting and IMC experiments in liquid medium (see Fig. S1). In the former case, the respective
Vi were plated on DSM-1 agar plates and subsequently incubated at 30 °C. The samples possessed the same initial
concentration of bacteria (6.9+ 2.4)-10' CFU-mL". The plates were located within a scanner which was placed in a
temperature-controlled incubator. Every ten minutes the plates were scanned and the resulting scan was saved as a
jpg-file. Fig. S2 displayed a certain selection of the obtained scans. Afterwards, the jpg-files were evaluated by five
independent observers. The data evaluation aimed to identify the jpg-file which for the first time showed no change
in the number of CFUs formed for the respective V;. The corresponding detection time was then calculated from the
selected jpg-file number. The resulting detection times determined by each observer for the respective V; are
summarized in Tab S1.

Finally, we compared the obtained detection times from the visual evaluation (CFU-counting) with the results from
the IMC experiments in LC (see Fig. S1). As expected, in the case of visual detection V; did not affect the detection
time. The average CFU detection time after all colonies became visible for the naked eye was 15.5 + 0.6 h.
However, the corresponding detection times obtained from the IMC experiments indicate a dependency of V; on the

detection time. A larger V; leads to a reduced detection time.

20

B IMC - LC (@, = 2 YW)
®  CFU counting - SC

T T T T T
0 200 400 600 800 1000
V, IuL

Figure S1: Comparison of the influence of the ¥; on the detection time in visual inspection (CFU counting - SC) and

IMC experiments performed in LC (detection threshold value, @ye.e =2 pW).
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Table S1: Summary of the detection times for the visual evaluation of the scanned images.

observer | I i v \YJ mean SD
V. /uL )
dect

10 - - - - - - -
100 14.8 14.7 13.3 15.7 14.5 14.6 0.7
250 16.0 15.7 13.3 16.3 16.2 155 1.1
500 15.7 16.0 13.5 17.0 17.8 16.0 15
1000 16.5 16.0 13.7 16.5 17.2 16.0 1.2

Figure S2: A selection of the obtained scans from V;-dependent experiments by visual inspection on solid medium.

Larger V; increased the overall liquid volume so that the liquid phase contained more total oxygen, but it decreased
the headspace volume. On the other hand, a higher inoculum size contained more active bacteria. The interplay of
less total oxygen (due to poorly solubility of oxygen in liquid, 7.5 mg-L™" at 30 °C) [1] in the entire system and more
active bacteria decreased the maximum heat flow (Fig. S3A). Besides, the latter led to a reduction in the detection of
approx. 3 h. Using 1 mL inoculum, bacterial growth was detected after approx. 8 h. If the inoculum was reduced by

a factor of 100, the detection took approx. 11 h (Fig. S3B).
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Using larger V; for LC might thus be an option for less sensitive IMCs such as the TAM Air, Calimetrix BioCal

2000 or similar instruments since sample vessels (125 mL) with a large liquid/gas interfacial area can be used.

QY )

600

Ny =1(0.7+0.2) CFU

blank

—— V=10 L

— V=100 L

—— V= 250 L
~ V=500 pL

V= 1000 pL

5004

400

3004

Heat flow /pyW
Heat flow /uW

2004

Time /h Time /h

Figure S3: Influence of ¥; on the detection time in LC. A): Heat flow signals of different V; =10, 100, 250, 500 and
1000 pL. B): Magnification of the heat flow signals near the detection threshold value of 2 pW.

S2 Influence of the size of colonies formed during IMC experiments on the
heat flow pattern

Fig. S4 linked the heat flow signals with the respective images of the samples taken after the IMC experiment.
Based on the initial number of bacteria N,, we observed different heat flow patterns as well as different size of
colonies formed during the IMC experiment. The red curve was characterized by a sharp and slender peak (Fig. S4).
The image of the sample looked like a perfectly large colony, but there were probably many tiny colonies of very
small diameter connected. A look at the second sample (blue curve, Fig. S4) might clarify this situation, as small but
well-separated colonies were visible on the edge of the large colony in the middle of the ampoule. The heat flow
pattern seemed to be almost identical only the maximum heat flow was minimized. The green curve was wider
compared to the earlier curves. The associated image revealed for the first time many middle size colonies which
were almost well separated. The two last curves (violet and green, Fig. S4) showed a completely different heat flow
pattern. Both curves were characterized by a flat and wide peak. The increase of the heat flow signal was only
partially dominated by an exponential behavior. The corresponding images showed the formation of large colonies.
In the case of the violet heat flow signal, probably less than 10 colonies were formed. The yellow heat flow signal

can be related to two single colonies formed during the IMC experiment.
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Figure S4: Summary of the Ny-dependent IMC experiments performed on SC. The dependency of the heat traces on
N as well as associated images taken after the IMC experiment. N, (mean £ SD) in CFU are indicated next to the

heat flow signals.

S3 Calculation of the total heat

To confirm the amount of total heat O, (in J) produced during the growth of P. putida mt-2 KT2440 in the Ny-
dependent IMC experiments, we used the initial situation outlined in Fig. S5. The corresponding necessary physical
quantities are summarized in Tab S2. The calculations of the amount of total heat released during the growth

experiments are described for both cases LC and SC in the following chapters.

Figure S5: Illustration of the initial situation of Ny-dependent growth experiments performed on SC (A) and in LC
(B) by IMC.
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Table S2: Summary of the physical quantities for calculating the total heat production

parameter value dimension reference
V(air) 0.0032 L -

V(medium) 0.001 L -
p(air) 1.1381° kg'm? -
w(0;) 23.14 % 2]
B(O,) 7.5-10° gL! [1]
M(05) 32 g mol -
AHo, (455 £ 25) kJ-mol™ O, [3]

? determined by the specific gas constant of dry air, R, = 287.058 J-kg™-K " at 310.15 K

S3.1 Calculation of total heat for SC

The mass of air and molecular oxygen in the gas phase m, can be calculated as follow:
m(air) = V(air) - p(air) €))
mg(oz) = w(0,) - m(air) (2)

The molar mass of molecular oxygen can be used to calculate the amount of molecular oxygen in the headspace.

02)
n(0,) = 505 3)

In the last step, the total heat released from the aerobic growth can be calculated using the oxycaloric equivalent

AHo,.

Qtheo = 1(07) - AkHOZ
“4)

The theoretical heat evolved during aerobic growth under the circumstances was Qe = (12.0 + 0.6) J.

S3.2 Calculation of total heat for LC

The mass of air and molecular oxygen in the gas phase m, can be calculated by using eqg. 1 and 2. The mass of

dissolved oxygen in the liquid phase m, can be calculated by eq. 5:
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m(0;) = B(0,) - V(liquid) )
The sum of the mass in liquid and in gas phase are summarized as follow:

Mioral(02) = mg(OZ) + my(0,) (6)
The molar mass of molecular oxygen can be used to calculate the amount of molecular oxygen in the headspace.

Mtotal (02)

Neotal(02) = M0, @)

In the last step, the total heat released from the aerobic growth can be calculated using the oxycaloric equivalent

AHo,.
Qtheo = Mtotal(02) * AkHOZ 3
The theoretical heat evolved during aerobic growth under the circumstances was Qe = (12.4 £ 0.6) J.

The integration of the first peak (grey area in Fig. S6) allowed us to determine the partially heat production during
the consumption of all dissolved oxygen in the liquid phase. The resulting heat of Q., = 0.08 J can be confirmed by
the abovementioned calculations and yielded to Oy, = (0.11 £0.01) J.

e ——(3.843.1)102 CFU
vmed\um =1mL

500 -
%_ 400 Area =23 yW-h = 0.08 J
2
2
2 300 - Qi = (0.10740.004) J
|5
o Q,,, = (0.080+0.004) J

200 -

100 4

0 - _._——/
T T T T T T = -
0 3 6 9 12 15 18 21 24 27 30

Time /h

Figure S6: Heat flow signal obtained from monitoring growth of P. putida mt-2 KT2440 in LC. Integration of the
first peak by OriginPro 2018 (Gadgets = Integrate).
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S4 Influence of the initial concentration of bacteria on the detection time in
IMC experiments and visual inspection

We investigated the influence of the initial concentration of bacteria ¢, in CFU-mL"™ on the detection time in both
visual inspection on solid medium and IMC experiments on SC (see Fig. S7). In the former case, the respective
dilutions were plated on DSM-1 agar plates and subsequently incubated at 30 °C. The plates were located within a
scanner which stood in a temperature-controlled incubator. Every ten minutes the plates were scanned and the
resulting scan was saved as a jpg-file. Fig. S8 displayed a certain selection of the obtained scans. Afterwards, the
jpg-files were evaluated by five independent observers. The data evaluation aimed to identify the image which for
the first time showed a colony which became visible for the naked eye of the respective concentration. The
corresponding detection time was then calculated from the selected jpg-file number. The resulting detection times
determined by each participant for the respective initial bacterial concentration are summarized in Tab S3.

Finally, we compared the obtained detection times from the visual inspections with the results from the IMC
experiments on SC (see Fig. S7). As expected, in the case of visual inspection the concentration did not affect the
detection time. The mean detection time after a colony became visible for the naked eye was 13.3 + 1.3 h. However,
the corresponding detection times obtained from the IMC experiments indicate a linear dependency of the logarithm

of the initial bacterial concentration on the detection time.

Figure S7: Comparison of the influence of the initial concentration of bacteria on the detection time in visual

inspection (CFU counting - SC) and IMC experiments performed on SC (Dgee = 2 uW).
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Table S3: Summary of the detection times for the visual evaluation of the scanned images.

¢/ CFU-mL”

(3.843.1)10°
(3.8+3.1)10°
(1.140.5)10°
(43+2.8)-10
(6.9+2.4)10'

observer I 1 11 v Vv mean SD
tdect

13.0 14.5 14.0 14.8 13.2 13.9 0.7

12.6 12.5 11.5 12.3 12.0 12.2 0.4

11.5 11.5 9.3 12.8 11.7 11.4 1.1

13.3 14.5 14.0 15.3 13.7 14.2 0.7

14.0 16.0 13.8 16.0 14.5 14.9 1.0

Figure S8: A selection of the obtained scans from concentration-dependent experiments by CFU-counting on solid

medium.
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S5 Summary of the initial
measurements
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Figure S9: IMC experiments performed on SC and LC. The N, (mean + SD) in CFU are indicated next to the heat

flow signals. A), B), D): Dependency of the heat traces on Ny measured on SC. C), E), F): Dependency of the heat

traces on Ny measured on LC.
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S6 Summary of the initial number of bacteria-dependent heat flow
measurements performed in MC-Cal 100P calorimeter

A (B)
600 600
(3.8+3.1)-10° CFU (3.8£3.1)-10% CFU (3.843.1}10°CFU  (3.8+3.1)-10% CFU
500 4 500 4
1.1+0.5)10" CFU
= 400 (1.1£0.5)-10" CFU = 400 ¢ )
= blank = blank
5_“ 300+ § 300
= (4.3+2.8) CFU = (4.3+2.8) CFU
% 200 % 200 -
1004 (0.740.2) CFU 100 (0.720.2) CFU
04 04
T T T T T | T T T T T T |
0 12 18 24 30 36 42 0 6 12 18 24 30 36 42
Time /h Time /h

Figure S10: IMC experiments performed in LC using MC-Cal 100P calorimeter (A) and (B). The N, (mean + SD)

in CFU are indicated next to the heat flow signals.
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S7 Summary of the filling volume-dependent heat flow measurements
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Figure S11: Influence of Viyegum On the heat flow signals obtained from IMC experiments conducted on solid
medium.
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Figure S12: Influence of Viyeqium On the heat flow signals obtained from IMC experiments conducted in liquid
medium.
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S8 Threshold value of the calorimeter and dissolved oxygen in the medium

Early detection of bacterial contaminations is given if the threshold value determined by the applied calorimeter is
below the solubility limit of oxygen cg,, because then the oxygen supply is not limited by diffusion. The heat Oy,

which corresponds to the concentration of dissolved oxygen in the medium ¢, is given by the oxycaloric equivalent

of AgHp, = —455K] mol™! [3] eq. 9. The meaning of all the following symbols can be found in the main
document.
Qtheo = Co, * Vinedium ° AkHOz )

The detection of microbial contamination 74 should be achieved before this oxygen is completely consumed (eq.

10).

Quheo > [, D(t) dt (10)

At the begin of microbial growth are all nutrients available in excess and exponential growth can be assumed (eq.

11).
®(t) = No o -exp(u-1) (11)
The solution of the integral equation 10 and 11 provides eq. 12.

No-¢o
7

Qtheo > ' (eXp(H ' tdect) - 1) (12)

Lt 18 per definition the time if the heat production rate approaches to the detection threshold value of the applied

calorimeter @ . (eq. 13)

Pgect = No * @0 " exp(it * tgect) (13)
Combining eq. 9, 12 and 13 provides

Dgect < K €o, * Vmedium 'AkHO2 + Ny~ ¢ (14)

Which means that if we like to prevent the influence of oxygen diffusion and thus to leave the area of exponential
growth we have several options. We can i) choose calorimeter with a low @g, ii) enrich the medium with oxygen
(e.g. by gassing with pure oxygen), iii) works with large sample volumes, iv) apply our method to slowly growing

bacteria or v) start with a low initial number of contaminating bacteria (which is usually the case).
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S9 Summary of the Ny-dependent heat flow measurements performed in
minimal medium

A) (B)
50 50
(3.83.1)10° CFU (3.8£3.1)10° CFU
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Figure S13: IMC experiments performed in LC using a minimal medium, MMKT2440 (A) and (B). The N, (mean
+ SD) in CFU are indicated next to the heat flow signals.
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1. Thermal behavior of the calorimetric ampoule

At the begin of the growth process, the metabolic heat evolution Py can be described by eq. (1).
Py =Py et (1)

Here is P, the metabolic start activity (in W) which is proportional to the number of active cells and u is
the specific growth rate (in s™). The resulting heat is dissipated via a Peltier element with the area 4 (in

m’) and the heat conduction coefficient A (in W m™ K ™) and measured as a voltage proportional to (T-T¢).
P=A-21-(T—-T¢) 2)

T, Tc stand for temperature in K and temperature of the calorimeter, respectively. The entire process is

described by a heat balance equation (the calorimeter equation) (3).

aT .
Vr'P'Cp'E=Po'e‘”—A'/l'(T—TC) (3)
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V, p, cp, tstand for the filling volume of the ampoule (in m?), the density of the medium (in kg m™), the

specific heat capacity (in J kg K™') and the time (ins), respectively.

2. Gompertz-Fit

By integrating the received heat flow signals, the total heat of the growth can be obtained. The resulting
heat curve showed classical sigmoidal behavior. Using logistic equations like the Gompertz function,
parameters such as QO.x, the saturation limit, .y, the maximum slope of the curve and y, refers to the

shift along the time-axis can be obtained. The Gompertz fit and the heat integral are shown in Fig. S1.

1; ]——972 CFU;
| 9.710°CFUMOO ML =
11— . — Gompertz Fit
10
9
8 _ Model SGompertz
- 7 _ Equation Q=Qmax-exp(-exp (—,umax-(t—y)))
Py E Plot Heat
< 6 ] Qs 11.973 £ 0.006
S ] v 42.651+0.013
4 - . 0.1650 + 0.0005
3 _ Reduced Chi-Sq. 0.051
2 ] R-Square (COD) 0.998
1 _ Adj. R-Square 0.998
0 =
— T T T T T "~ T *~ T *~ T 1
0 12 24 36 48 60 72 84 96

t/h

Figure S1: Heat over time diagram. The black line describes the integrated heat signal determined by

metabolic activity. The red line shows the Gompertz fit.

The fit showed a high correlation (R* = 0.998) with the integrated heat signal. Microbiological quantities

can be assigned to the individual parameters from the Gompertz Fit. The parameters obtained from the fit
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are Omax = (11.97 £ 0.01) J, y = (42.65 £ 0.01) h and p.x = (0.1650 + 0.0005) h. Omax represents the total

heat. um,x the maximum growth rate of the respective bacteria and y the lag time of bacterial growth.

3. Estimation of the total heat using the oxycaloric equivalent

The initial situation is illustrated in Fig. S2. The sample contained 1 mL substrate and 3 mL air in

headspace.

Figure S2: The schematic structure of the ampoules for monitoring L. pneumophila growth.

The following data are necessary for calculating the total heat production of L. pneumophila during

aerobic growth.
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Table 1: Summary of the physical quantities for calculating the total heat production

parameter value dimension Reference
V(air) 0.003 L -
p(air) 1.1381° kg-m? -
w(02) 23.14 % (Saha, 2008)
M(O,) 32 g-mol’! -
AHo, (455 £ 25) kJ-mol™ O, (Gnaiger and Kemp, 1990)

® determined by the specific gas constant of dry air, R, = 287.058 J-kg" K" at 310.15 K

The mass of air and molecular oxygen can be calculated as follow:

m(air) = V(air) - p(air) 4)
m(0;) = w(03) - m(0,) (5)

The molar mass of molecular oxygen can be used to calculate the amount of molecular oxygen in the

headspace.
0
n(0,) = 503 (6)

In the last step, the total heat released from the aerobic growth can be calculated using the oxycaloric

equivalent A Ho, .
Q =n(02) - AxHo, (7

The theoretical heat evolved during aerobic growth under the circumstances is O = (11.2 = 0.6) J.

Reference

Gnaiger, E., and Kemp, R.B. (1990). Anaerobic metabolism in aerobic mammalian cells: information
from the ratio of calorimetric heat flux and respirometric oxygen flux. Biochimica et Biophysica
Acta (BBA) - Bioenergetics 1016, 328-332.

Saha, K. (2008). The earth's atmosphere - its physics and dynamics. Berlin: Springer-Verlag Berlin
Heidelberg.
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S1 Evaluation of internal sensors

For the evaluation of internal temperature sensors, N = 41242 data points were measured in the time
interval from 6 to approx. 72 h and the statistical data (mean value, standard deviation and maximum

and minimum) calculated thereof. The temperature profile and the obtained statistic data of the air in

the outer zone are shown in Fig. S1.

— T3_air
37.4

37.2

37.0

Temperature /°C

36.8

36.6 +— T T T T T
12 24 36 48 60 72

Time /h

Figure S1: Temperature profile of the air in the outer zone. Statistic data were obtained: 7= (37 = 0.1) °C, Ty, = 36.7 °C
and Ty, = 37.3 °C.

The temperature profiles and the obtained statistic data on the heat sink in the inner zone are shown in
Fig. S2A, B.

(A) (B)

37.078 T2_heat sink
i = eat sin
T1_heat sink 37112 —
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37.110
Q Q
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37.070 37.104
37068 v T L] T T T T 37102 v L] T T T T T
12 24 36 48 60 72 12 24 36 48 60 72
Time /h Time /h

Figure S2: Temperature profiles on the heat sink in the inner zone. A: Measured temperature at the NTC sensor located
under the reference channel, corresponding statistic data 7= (37.072 £ 0.001) °C, Ty, = 37.068 °C and T,y = 37.077 °C. B:

Measured temperature at the NTC sensor located under channel 1, corresponding statistic data 7= (37.0107 + 0.001) °C, Ty,
=37.103 °C and T}, =37.111 °C.
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The differential voltage (AUnrsi2 = Unrsi2- Unrs reference) profiles and the obtained statistic data on the
heat flow sensor in channel 1 and 2 are given in Fig. S3A, B.

(A) (B)
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Figure S3: AUygs profiles of the heat flow sensors in channel 1 and 2. A: AUy, signal in channel 1, corresponding statistic
data AUHFSI = (-682 + 015) mV, AUHFSl,min = -7.17 mV and AUHFSl,max = -6.13 mV. B: AUHFSZ signal in channel 2,
corresponding statistic data AUggs, = (2.59 £ 0.05) mV, AUppso min = 2.43 mV and AUgps max = 2.74 mV.

The time-dependent percentage power output of the heater foils is shown in Fig. S4. After reaching the

setpoint temperature, the heater foils are turned off.

100 4

—— Heater foil

80

60 -

404

Power output /%

20 4

0 1 2 3 4 5 6
Time /h

Figure S4: Percentage power output of the heater foils in the time interval from 0 to 6 h.
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S2 Temperature profiles of external sensors

The steady-state temperature after approx. 360 min were determined and used for comparison with the
numerical data. The actual position is given in Fig. 5 of the main article. Measurements were
performed in triplicate. The temperature profile of the channels (Fig. S5), in the upper part (Fig. S6)
and the lower part (Fig. S7) are given below.

44 ——— Channel 1
i Reference channel
—— Channel 2
40
Q
< 35
18]
E
[n]
5 32 4
o
5
S 28-
24 -
20 4
0 60 120 180 240 300 360

Time /min

Figure S5: Temperature profiles of the channels. Average temperatures in steady-state are 38.5 °C (red curve, channel 1),
35.5 °C (blue curve, reference channel) and 34.3 °C (green curve, channel 2).

Temperature /°C

0 60 120 180 240 300 360
Time /min

Figure S5: Temperature profiles at local points in the upper part. Average temperatures in steady-state are 38.2 °C (purple
curve, upper 1), 39.4 °C (yellow curve, upper 2) and 43.5 °C (blue curve, upper 3).
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Figure S6: Temperature profiles at local points in the lower part. Average temperatures in steady-state are 32.1 °C (brown
curve, lower 1), 36.8 °C (green curve, lower 2) and 31.7 °C (orange curve, lower 3).
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S$3 Material assignment of the numerical model

Tab. S1 summarizes the material assignment of all components. In some cases, a component is

subdivided into several individual parts to which different materials are assigned.

Table S1: Summary of material assignments of all components.

Spacer inner zone

heat flow sensor
(insulation)

spacer lower part

material Components source of properties Reference
primary heat sink
auxiliary heat sink
fan heater channel p=2700 kg-m>
aluminium fan heater element C,=9001] kg!K! COMSOL library
thermal bridges k=238 W-m" K"
heat flow sensor
upper part channels
o p(pA,T), C(T)
air® air domain outer zone K(T). (T COMSOL library
210
air domain channel y=14
spacer upper part
sample holder
lowsin :r(zlt:slizr%nels p=1150kg m?
polyamide D C,=17001] kg K! given by manufacturer

k=025 W-mlK!

polyamide GF 30

carrier plates

p=1320kg'm”
C,=1500J-kg" K"
k=024 W-m" K"

given by manufacturer

acrylonitrile butadiene

outer/inner insulation

p=1040 kg'm”
C,=1200J-kg" K"

given by manufacturer

polyester

heating foil

styrene plates ke 0.144 Wm K-
. p =3800 kg'm”
aluminium oxide, 96 % top/blcl)lt(t)(éml;elner C,=8801J kg K given by manufacturer
Y k=25 W-m" K’
p=7850kg'm”
steele baffle C,=475Jkg" K" COMSOL library
k=445 W-m"K'
p=7700 kg'm™
bismuth telluride semi-conductor C,=154] kg K COMSOL library
K(T), ST, o(1)*
p=1380 kg'm”

C,= 1170 J-kg" K"
k=0.154 W-m'K

given by manufacturer

properties are function of dependent variables

®y =C,/C, (ratio of specific heats)

¢ S(T) = Seebeck voltage as a function of the temperature
4 5(T) = electrical conductivity as a function of the temperature
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S4 Boundary conditions for the heat transfer simulations on the heat
sink

For determining the PID controller parameters, a selected part of the test system was considered for
numerical simulations. The selected compounds are illustrated in Fig. S7. To model the increase in
temperature on the heat sink, appropriate heat flux boundary conditions have to be applied to the
numerical model. Here, we assumed convective heat flux which can be described by eq. 3 (in the main
article). Two parameters are responsible for the heat flux: (i) the external temperature 7, in (K) and

(ii) the heat transfer coefficient 4 (in W-m™>-K™).

Figure S7: 3D numerical model of selected compounds to determined PID parameters for the temperature control on the
primary heat sink (the two heating foils are placed on the bottom of the primary heat sink and therefore not visible).

The external temperature profiles on the primary and auxiliary heat sink are represented by the black
curve and the red curve, respectively (see Fig. S8A). An appropriate heat transfer coefficient & was
determined in a parametric sweep study, simulating the effect of /; on the increase in temperature (see
Fig. S8B). The temperature was measured by a point located in the heat sink, which is served as a
temperature probe. Both Peltier modules and heating foils were not regulated after reaching the desired
set point temperature to simplify the simulations (this explains the linear increase in temperature
beyond the 37 °C). We observed the best agreement applying 4; = 20 W-m™>K™'. Here, experimental
data is in strong correlation to numerical results. If / is too small (< 20 W-m™>-K™"), the temperature
increase is much faster than experimental results. If % is too large (>20 W-m™>K™"), the opposite

behaviour can be observed. The increase in temperature is too slow.
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Figure S8: Temperature profile for determining heat flux boundaries for the simulations on the heat sink. A: Temperature
profiles of the external temperatures. T,,; represents the increase in temperature around the primary heat sink (black curve).
T, represents the increase in temperature around the auxiliary heat sink (red curve). B: Influence of the heat transfer
coefficient on the increase of temperature on the heat sink. For comparison, the black dashed line showed experimental data
of the test system under laboratory conditions.

The same approach was used to determine the heat transfer coefficient on the auxiliary heat sink 4,.
Here, the heat transfer is influenced by the fan's airflow because this heat sink is part of the outer zone
of the test system. Therefore, we assumed a larger 4, value and performed a parametric sweep study.
The results are shown in Fig. S9 for #; = 20 W-m?-K'. Since there is no strong variation in
temperature increase between h, = 25 Wm?K' and h = 200 W-m?>K' We selected

hy =75 W-m™-K"! for the PID control simulations on the heat sink.

404 Mm=20
35
O
<
— 304
254
h,=0 h, =25
/ ——h,=75——h, =100
20 - ! h, =200 test system
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Time /min

Figure S9: Influence of the heat transfer coefficient on the increase of temperature on the heat sink. For comparison, the
black dashed line showed experimental data of the test system under laboratory conditions.
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S5 Determining parameters for temperature control on the heat sink

Heat flux boundary conditions that enable heat exchange with the ambient air were determined in
preliminary simulations. For these simulations, we only considered the primary heat sink, the two
Peltier modules and heating foils as well as the auxiliary heat sink (see Fig. S7). Settings and results
from these simulations are described in detail in S4.

In general, manually determining the control parameters of a control loop can be tedious and time-
consuming. Numerical simulations offer an intelligent solution for this problem since an empirical
approach can provide valuable information on the feedback system of the control loop. In the
following time-dependent studies, we demonstrated how numerical simulations could be helpful to
determine the control parameters during heating of the heat sink. We applied a PID controller for our
simulations because the control loop of the IMC test system (shown in Fig. 2 of the main article) is too
complex for integration in detail in our numerical simulations. The PID control loop is described in

Fig. S10.

Figure S10: Signal flow diagram of the PID control loop used for the numerical simulations, which regulates the temperature
on the primary heat sink by the two Peltier modules.

The underlying equation of the PID algorithm is as follow:

P() = Pyjas + Kp(Tset = T(0)) + K; f (Teer = T(1))dT — Ky =-T(1) (1)

K,, Ki, K4 are the proportional, integral and differential parameter, respectively. We started to
investigate the influence of the proportional parameter K, (in W-K™') in a time-dependent parametric
sweep study (from 1 W-K' to 400 W-K™) until we observed an oscillation of the measured
temperature. K; and K, were set to 0 (pure P-controller). This approach is based on the Ziegler-Nichols
method for determining PID control parameters [1]. Fig. S11A, B displayed the behavior of the

measured temperature depending on the applied K, value.
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Figure S11: Simulated temperature profiles depending on different K, values. For comparison, the dashed black line
represents the measured temperature profile on the heat sink. A: Simulated temperature profile during the heat-up phase on
the heat sink using Kp = 1 (red curve) and Kp = 100 (blue curve). B: Magnification of some simulated temperature profiles
depending on the applied K, value. K, = 1 (red curve) and K, = 300 (green curve) show a permanent residual setpoint error.
Oscillation was observed for K, = 400 (purple curve).

If the K, value is too small (K, = 1), we observed a creeping temperature increase. Higher K, values
such as K, = 100 showed strong agreement with the experimental data (Fig S11A). In the beginning,
there is a slight deviation, probably caused by the settings of the heat flux boundary conditions in this
model (determined in preliminary simulations, see S5). The chosen boundary conditions cannot
wholly represent the inertia of the ambient air of the heat sink (in the physical test system). Assuming
complete isolation (2 = 0 W-m™>-K™), the desired set temperature (37 °C) can be reached after 51.6
min (see Fig. S7A in the SI, here different 4-values were simulated). This is in strong agreement with
a simple estimation (time until the temperature of the primary heat sink is increased from 21 to 37 °C
using the power of all heat sources (37.6 J-s") and the total mass of the primary heat sink approx. 8.1
kg and the heat capacity of aluminium of 900 J kg™ K™') leading to 51.9 min.

As expected for a P-controller, a permanent residual setpoint error is observed for K, values below a
critical value (also known as ultimate gain, K,) [2]. Above approx. K, = 360, the temperature
oscillates (Fig. S11B). Additionally, we determined from this oscillated response the period length T,
= 10.8 s. According to the Ziegler-Nichols approach for a PI controller, the integral parameter is

determined by eq. 2:
Ky = (0.54-K,)/T, @)

and the proportional parameter by eq. 14:

K, = 045K, 3)

p

In eq. 2 and 3, the parameters K, and T, were determined using a pure P-controller and are now used
to achieve satisfactory control for the feedback loop using a PI controller. The obtained temperature

profile is shown in Fig. S12. By applying a PI controller, the desired set point temperature can be
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reached. However, we observed a great delay (280 min) in reaching the setpoint. The numerical

simulation reveals the cause, an overshooting of the temperature with a magnitude of approx. 42.5 °C.

( A) 44 (B) 50000 : 44
40+ 40000 - : 140
361 / o £ 30000 : 1°°

1) / 2 i ! integral term
< - © ! 8]
= 324 o | {32¢
/ D 20000 | -
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10000 - !
241 K, =180, K = 1 ! {24
/ test system 01 1
20 . 120
0 60 120 180 240 300 360 0 60 120 180 240 300 360
Time /min Time /min

Figure S12: Simulated temperature profile and integral term of the heating up processes of the heat sink using a PI
controller. A: Simulated temperature on the heat sink (yellow curve) and compared the measured temperature of the test
system under laboratory conditions (black, dashed curve). B: The integral term (blue curve). The inflection point correlates
with reaching the desired setpoint temperature of 37.07 °C. This is followed slowly by the elimination of the integral term.

The overshoot can be explained by the wind-up effect of a PI- or PID-controller [3]. Due to the
significant difference between measured and setpoint temperature during the start-up phase, the
integral term of the PI algorithm accumulates, becomes very large (see Fig. S12B), and reaches a
turning point after reaching the setpoint. This affects the controlling behavior of the PI controller.
Thus the power output of the Peltier modules is not regulated efficiently. After the turning point, the
integral term slowly decays, allowing the output of the Peltier modules to be controlled appropriately
to the desired setpoint temperature.

In order to avoid this wind-up effect, different anti-windup approaches are known, such as tracking
back-calculation, conditional integration and limited integrator [4-6]. We applied a tracking time
constant 7 [in s] to tackle this issue [7]. The obtained temperature profile is summarized in Fig. S13A,
and the corresponding integral terms are shown in Fig. SI3B. Applying the time constant, we were
able to eliminate the integrator wind-up. Again, the temperature response of the numerical simulation
is in strong agreement with experimental data of the test system under laboratory conditions. Due to
the tracking time constant, an additional feedback loop is applied to the Pl-controller. A second
integral term with the opposite sign is generated to avoid a substantial overshoot (see Fig. S13B).
Finally, the PI-controller achieved the desired setpoint temperature of 37.07 °C and properly regulated

against disturbances on the heat sink.
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Figure 13: Simulated temperature profile and integral term of the heating up processes of the heat sink using a modified PI
controller. A: Simulated temperature on the heat sink (orange curve) and for comparison the measured temperature of the test
system under laboratory conditions (black, dashed curve). B: Courses of the integral term I (blue curve) and integral term II
(green curve). The second integral term is obtained by applying the tracking time constant.

S6 CFD simulation for determining the velocity magnitude at the
interior fan

In order to investigate the temperature distribution in the upper part in more detail, we determined in a

stationary study the velocity magnitude v (in m's™) on the boundary condition that represents the

interior fan in our numerical model. The corresponding 3D model is illustrated in Fig. S14A. The

required data for describing the interior fan boundary condition (see eq. 7 in the main article) were

taken from the technical datasheet of the fan (static pressure at no flow p,s=0.05 kPa and free delivery

flow rate Vg = 0.0042 m’-s™). Additionally, we performed a mesh refinement study to prove that the

numerical solution is almost independent of the mesh density. The corresponding results are given in

Tab. S2 and illustrated graphically in Fig. S14B. A less coarse mesh (increase in mesh elements) has

little to no effect on the average velocity magnitude but would dramatically increase the computation

time. However, no convergence was reached by refining the mesh even further, probably due to an

exponential increase in computational resources required (see Fig. S14B).

Table S2: Results were obtained from the mesh refinement study to determine the velocity magnitude on the
interior fan boundary.

average velocity

Mesh number of mesh elements | computational time
magnitude /m-s™
extremely coarse 4.19 94236 2 min 54 s
extra coarse 4.19 139466 5min 21 s
coarser 4.17 258984 6 min 57 s

12
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The average velocity magnitude on the interior fan's boundary surface was determined to 4.2 m-s™.
This value is used as input for the numerical simulations on the temperature distribution of the upper

part.

Figure S14: CFD simulations of the airflow caused by the interior fan. A: Reconstruction of the IMC test system in the
simulation software. Parts of the inner zone were neglected to reduce computational time. Further, the fluid flow of the outer
zone does not affect the fluid flow in the inner zone. B: Relationship between the number of mesh elements and
computational time.
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